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Abstract 
Building metal nanomaterials with tailored electrical properties is in high demand for electronic 
device fabrication. However, scalable and inexpensive fabrication of such metallic structures with 
nanometer precision remains a challenge. DNA origami is a versatile and robust self-assembly 
method which allows fabrication of arbitrary structures at the nanoscale. In this thesis, DNA ori-
gami templated metal nanostructure fabrication method is introduced. Continuous metal 
nanostructures with controlled geometry as well as the selective deposition of multi-
nanomaterials (metals and semiconductors) at specific sites on origami templates play an im-
portant role in the fabrication of DNA based nanoelectronics system. A mold DNA origami with 
quadratic cross-section was constructed and used as template for the gold nanoparticles metal 
growth. Each individual mold element acted as a lego-brick in this modular mold system. (1) 
Linear metallic nanostructures with controlled length and programmable patterns were fabricated 
at superior yields by systematically investigating the interface of each mold element. (2) A versa-
tile fabrication modular mold platform for metallic nanostructures with complex shapes was fur-
ther developed by integrating particular molds with different diameters, additional docking sites, 
and junctions. Caged metal nanostructures, constrained gold growth and branched structures with 
extensions in two dimensions were successfully realized. (3) Micrometer long, homogeneous and 
continuous gold nanowires were obtained with exceeding quality. Using electron-beam lithogra-
phy and low-temperature conductance measurements, ohmic behavior of such nanowires were 
observed, confirming metallic conductive property. (4) A method for the synthesis and DNA 
functionalization of semiconducting nanorods was established. Metal-semiconductor heterostruc-
tures were fabricated based on the modular mold system. Semiconducting nanorods, as well as 
gold nanoparticles, were placed at defined positions on the DNA modular platform and a direct 
metal-semiconductor interface was achieved after the electroless metal deposition. (5) An im-
proved and optimized metallization of DNA origami templated gold nanowires were further de-
veloped to increase the conductivity performance. Various reaction parameters were investigated 
and the obtained gold nanowires with a reduced number of AuNPs achieved an anisotropic 
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growth. This developed DNA origami template mold modular platform addresses the size, pattern, 
and geometry controls over the metallic nanostructures. For the application prospect, the conduc-
tivity of such metallic nanostructures and controlled placement of different nanomaterials enable 
an important step towards the nanodevices and systems fabrication based on DNA.  
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Der Aufbau metallischer Nanomaterialien mit angepassten elektrischen Eigenschaften ist für die 
Verwendung in elektronischen Bauteilen von großer Bedeutung. Dabei ist die skalierbare und 
günstige Herstellung metallischer Strukturen im Nanometerbereich weiterhin eine 
Herausforderung. Die DNA Origami Technik bietet hier eine vielseitig einsetzbare und stabile 
Methode zur Selbstassemblierung, welche die Herstellung beliebiger nanoskalierter Strukturen 
ermöglicht. In dieser Arbeit wird ein neuer Ansatz zur Herstellung metallischer Nanostrukturen 
mit Hilfe von DNA Origami Templaten vorgestellt. Kontinuierliche Metallnanostrukturen mit 
einer definierten Geometrie, sowie die selektive Anbindung verschiedener Nanomaterialien 
(Metalle und Halbleiter) an spezifischen Anbindungsstellen des Origamitemplates spielen eine 
wichtige Rolle bei der Herstellung DNA basierter nanoelektrischer Systeme. Ein DNA Origami 
Mold mit einem quadratischen Querschnitt wurde als Templat für die Metallisierung von 
Goldnanopartikeln verwendet. Das legostein-artige Design der einzelnen Origami Molds 
ermöglicht die Assemblierung in einem modularen System. (1) Lineare metallische 
Nanostrukturen mit kontrollierter Länge und programmierbarem Muster wurden mit hohen 
Ausbeuten assembliert, indem das Interface der einzelnen Origamistrukturen systematisch 
untersucht wurde. (2) Weiterhin wurde eine vielseitige, sowie modulare Plattform für metallische 
Nanostrukturen mit komplexen Formen entwickelt. Dabei wurden spezielle Origamistrukturen 
mit unterschiedlichem Durchmesser, sowie zusätzlichen Anbindungsstellen und Verzweigungen 
integriert. Die erfolgreiche Metallisierung linearer und verzweigter Nanostrukturen in zwei 
Dimensionen wurde durch ein restriktives Goldwachstum im Inneren der Origamistrukturen 
realisiert. (3) Homogene und kontinuierliche Goldnanodrähte mit Mikrometerlänge und 
außerordentlicher Qualität wurden fabriziert. Mit Hilfe von Elektronenstrahllithographie wurde 
die Leitfähigkeit der Strukturen im Niedrigtemperaturbereich untersucht, wobei ein ohmsches 
Ladungstransportverhalten der Nanodrähte nachgewiesen werden konnte, welches die metallische 
Leitfähigkeit der Strukturen bestätigte. (4) Eine Methode zur Synthese und DNA 
Funktionalisierung von Halbleiternanostäbchen wurde eingeführt. Zudem konnten Metall-
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Halbleiterheterostrukturen hergestellt werden, basierend auf dem entworfenen modularen 
Origamisystem. Halbleiternanostäbchen und Goldnanopartikel wurden an definierten Positionen 
der DNA Origami platziert. Durch eine anschließende Metallisierung konnte ein direktes Metall-
Halbleiterinterface hergestellt werden. (5) Eine verbesserte und optimierte Metallisierung der 
DNA Origami basierten Goldnanodrähte zur Erhöhung der Leitfähigkeit wurde entwickelt. Dazu 
wurden verschiedene Reaktionsparameter optimiert, so dass ein anisotropes Wachstum mit einer 
reduzierten Anzahl von Goldnanopartikel ermöglicht werden konnte. Die, in dieser Arbeit 
entwickelte DNA Origami Plattform ermöglicht die Kontrolle über Größe, Struktur und 
Geometrie metallischer Nanostrukturen. Die ohmsche Leitfähigkeit dieser Nanostrukturen und 
die zusätzliche Assemblierung verschiedener Nanomaterialien stellen dabei einen wichtigen 
Schritt für eine potentielle Verwendung in elektrischen Nanogeräten dar. 
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I n t r o d u c t i o n  
1. Introduction 
1.1 DNA Nanotechnology 
Nanotechnology and nanoscience cover the study, manipulation, design, and engineering of parti-
cles, materials, structures and functional devices on dimensions from 1 nm to 100 nm. Materials 
at the nanometer scale (the scale of atoms and molecules) can often exhibit different electrical, 
optical, thermal and mechanical properties than their macro-scale counterparts due to finite-size 
and quantum mechanical effects. Because of their intrinsic properties, nanomaterials are being 
widely used in applications including electronics, optics, photonics and medicine. Two distinct 
approaches are used to produce nanomaterials: the ‘top-down’ and ‘bottom-up’ methodology. 
Top-down approaches, such as electron beam lithography, employ large devices to fabricate 
smaller objects with designed dimensions and patterns. It is often costly and requires advanced 
instrumentation. Bottom-up approaches follow the arrangement of smaller components into larger 
and more sophisticated structures. This arrangement is often based on molecular recognition 
properties in the self-assembly process and it allows for a highly parallel production of nanostruc-
tures.  
Deoxyribonucleic acid (DNA) has become a widely used building material [1], [2] due to the 
specificity of Watson-Crick base pairing. DNA has exclusive molecular recognition properties 
which allows building of predefined micro and nanostructures by programming intra- and inter-
molecular interactions [3]–[5]. DNA is a rigid biomolecule that can be cost-effectively synthe-
sized [6], [7]. Because of the aforementioned reasons, DNA has been remarkably used as a build-
ing material in nanotechnology for applications in numerous fields [8], [9].  
1.1.1 Deoxyribonucleic Acid 
Deoxyribonucleic acid (DNA) is a molecule that stores genetic information and encodes the nec-
essary functions. In 1869, Friedrich Miescher isolated DNA from the leukocytes’ nuclei (white 
blood cells) and named as “nuclein” [10], which later was evaluated to “nucleic acid”, and even-
tually to “deoxyribonucleic acid” or “DNA”. In 1994, DNA was confirmed as the genetic infor-
mation carrier by Oswald Avery and co-workers [11], and later confirmed by the Hershey-Chase 
experiment [12]. In 1953, James Watson and Francis Crick developed the double helical molecu-
lar model of DNA [13] based on the X-ray crystallography data (Figure 1a) from Rosalind 
Franklin and Maurice Wilkins [14] and the chemical prediction from Erwin Chargaff [15].  
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The DNA Structure 
DNA is a long polymer composed of many repeating units, so-called “nucleotides”. Each nucleo-
tide (nt) is composed of a five-carbon sugar (deoxyribose), a phosphate group and one of four 
nitrogenous nucleobases, in particular adenine (A), thymine (T), cytosine (C) and guanine (G). 
The nucleobases are divided into two groups: purines (A and G) and pyrimidines (T and C).  
The DNA double helix structure contains two complementary DNA chains. For right-handed 
double helix, it has 2 nm diameter, 0.34 nm center-to-center distance between two following nu-
cleotides and the helical pitch is 10.5 nucleotides [16], see Figure 1b. Alternating sugar and 
phosphate residues form the DNA double helix backbone. Sugar residues are interconnected by 
phosphodiester bonds between the third and fifth carbon atoms of the adjacent sugar rings. Due to 
these asymmetric bonds, a single DNA strand has a chemical polarity. It has a terminal phosphate 
group at the 5' end and a terminal hydroxyl group at the 3' end [17]. The two DNA strands are 
hybridized via hydrogen bonds between the bases, see Figure 1c. The DNA double helix has two 
grooves: a major groove (2.2 nm width) and a minor groove (1.2 nm width) [18]. There are dif-
ferent DNA forms including right-handed B-DNA, A-DNA and left-handed Z-DNA [19]. De-
pending on the base sequence and the environmental factors (metal ions, hydration level, and 
polyamines), DNA can have different conformation [20]. B-form DNA is the most common form 
under physiological conditions. 
Base Pairing and Base Stacking 
The DNA double strands are held together by Watson-Crick base pairing. A-T base pairs have 
two hydrogen bonds and G-C base pairs have three hydrogen bonds [17], [21], [22]. DNA with 
rich G-C content is more stable [23]. The complementary base pairing leads to an energetically 
favorable base pair packing at the inner double helix. The hydrogen bonding is a relatively weak 
molecular interaction (5-30 kJ/mol) compare to covalent binding energy (100 kJ/mol) [24]. DNA 
double helix structure is preserved primarily by base stacking (π-stacking) interaction between 
adjacent bases caused by the overlapping delocalized π-electron systems [25]. Both base stacking 
and base-pairing interactions (cooperative effect) contribute to the formation of the DNA double 
helix structure. DNA length, percentage of G-C content (base pairing), sequence (base stacking), 
concentration and the ionic strength all contribute to the thermodynamic stability of the DNA 
double helix conformation. The melting temperature is often used to determine the DNA stability, 
when half of the double-stranded DNA molecules fall apart into single-stranded DNA molecules 
[26], [27]. 
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Figure 1 DNA structure. (a) X-ray fiber diffraction pattern of B-form DNA [14]. (b) Three-dimensional B-form 
DNA double helix model [13]. (c) Watson-Crick base pairing of the DNA double helix [28]. There are three 
hydrogen bonds (dashed lines) between C and G (top) and two hydrogen bonds between A and T (bottom). 
1.1.2 DNA as Building Material 
In 1982, Nadrian Seeman [29] introduced the revolutionary idea that DNA is not only a genetic 
information carrier but can also be used as a molecular building material. A tremendous devel-
opment has since then occurred in the field of structural DNA nanotechnology. DNA architec-
tures with increasing complexity and rigidity have been created with accurate control down to the 
atomic scale [30]. Nanoscale size, molecular recognition properties, stability, programmability 
and also the biocompatibility, all these DNA molecule’s unique material properties promote the 
nanoscale engineering utilizing DNA. 
Nanoscale Size, Programmability and Producibility 
DNA molecule has 2 nm diameter, 0.34 nm separation distance between the adjacent bases and 
3.5 nm helical pitch per turn and 53 nm persistence length for double-stranded DNA [31]. All 
these nanometer size conditions make DNA double helix a perfect building material for design 
and construct complex three-dimensional nano-objects. The DNA sequence can be programmed 
to almost any specific sequence that is designed to construct the DNA nanostructures. The syn-
thesize of this individual arbitrary sequence can be industrially achieved with different length and 
functionalization [32]. Commercial technology can produce custom oligonucleotides with a high 
yield up to 60 nucleotides. The availability of custom single-stranded DNA and its programma-
bility is the foundation of programmable DNA nanoconstructs.  
DNA Hybridization 
The bottom-up self-assembly process in structural DNA nanotechnology is based on the hybridi-
zation between complementary DNA strands. It is specific and energetically favored of the com-
plementary Watson-Crick base pairing: bases A with T, bases G with C. Furthermore, double-
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stranded DNA molecules are programmed to interact with each other. This uses single-strand 
extensions of either the 5’ or the 3’-end of the DNA duplex, which are called “sticky ends” [33]. 
Via hydrogen bonding, the sticky ends of one double-stranded DNA can hybridize with the com-
plementary sticky ends of a second double-stranded DNA (Figure 2a).  
Stability of Branched DNA Constructs 
To create arbitrary shaped two-dimension (2D) and two-dimension (3D) DNA constructs, DNA 
motifs with branched helical axis can self-assemble via sticky-end interactions into compact 
structures. It is crucial that these branched motifs are mechanically rigid for such a construct 
building. One example in nature of such branched DNA motifs is the four-arm branched junction 
[34], also called Holliday junction. It occurs naturally during genetic recombination when homol-
ogous chromosome pairs exchange adjacent sequences by crossing over to each other. This al-
lows creating increased genetic diversity for the next generation by “mixing” genes of both par-
ents. In a Holliday junction four DNA strands are linked together, to form a 4-arm branch point 
(Figure 2b). In biology, Holliday junctions usually have symmetric sequences and the branch 
point of the four-arm junction can migrate throughout the molecule. This movement is called 
branch migration [35]. To prevent the dynamic process of branch migration, the sequences of the 
DNA can be designed to be asymmetric near the branch point. Two and three-dimensional lattices 
(Figure 2b, c) can be created by connecting multiple Holliday junctions via sticky end interaction 
[29], [36]. 
DNA with all these abovementioned different characteristics can self-assembled to predictable 
and stable nanoscale constructs. 3D crystals can be fabricated using DNA branched-junctions 
with single-stranded overhangs (Figure 2a, b). This 3D crystal can also be used as a template for 
the precise arrangement of proteins and other bio-macromolecules [37]. A DNA 3D cube (Figure 
2c) was successfully fabricated by hybridizing the three-arm junctions through sticky-ends [38]. 
Furthermore, double-crossover [39] and triple-crossover [40], [41] molecules were also utilized 
as building units to increase rigidity. Periodic 2D crystal lattices were constructed via sticky-ends 
association [42], [43]. With further developed computational design, 2D and 3D nanostructures 
built from single-stranded DNA tiles can also be realized [44], [45]. The concept established by 
Nadrian Seeman introduced an important breakthrough for DNA nanotechnology. 
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Figure 2 Self-assembly of DNA. (a) Sticky-end hybridization via hydrogen bonding. (b) Self-assembly of DNA 
branched-junctions into a 2D crystal via sticky-end hybridization [37]. (c) Cube-like DNA structure by ligation 
of six single DNA strands [38]. 
1.1.3 The DNA Origami Technique 
In 2006, Paul Rothemund introduced the concept of ‘scaffolded DNA origami’ to construct DNA 
nanostructures [46]. It followed a somewhat similar concept as the traditional Japanese paper 
folding art. Instead of folding a sheet of paper into an arbitrary shape, a long single-stranded viral 
DNA scaffold molecule was folded into 2D or 3D structures. The 7249 nt single-stranded DNA 
was so-called “scaffold DNA” and was derived from the bacteriophage M13. With the help of 
hundreds of short oligonucleotides called “staple strands” , the ssDNA could be folded into the 
designed shape through the hybridization of these individual short oligonucleotides to different 
complementary position on the ‘scaffold strand’ that shall be brought into proximity (see Figure 
3a). The folding process was one-pot reaction. The scaffold strand and the staple strands were 
mixed in salt-containing buffer and subjected to an annealing process with samples heated up to 
65 º and cooled down through a nonlinear temperature ramp over hours. A set of desired flat 
shapes with around 100 nm diameter (two-dimensional squares, stars, smiley face, and triangles) 
was achieved (Figure 3b) with high folding yields up to 90 % and spatial resolution of 6 nm. 
Further on, more complex 3D DNA structures by stacking the multiple layers of DNA helices 
were realized by Douglas and co-workers [47] in 2009 (Figure 3c), which increased the complex-
ity and rigidity of DNA origami structures. The helices from multiple layers were interconnected 
to three neighbors through staple and scaffold crossovers at the position where the corresponding 
bases were pointing towards each other. When assuming every 10.5 bases B-form DNA with one 
full turn, thus at the position of every 7 bases, it gave the spatial orientation of 120º and 240º via 
these three neighbor helices which resulted in a honeycomb lattice. Helices could also be placed 
on a square lattice [48] where one helix was connected to four neighbor helices with 90º angle 
between the helices with a distance of multiple of 8 bases (Figure 3d). The 90º angle of square 
lattice did not match the rotational properties of B-DNA and it caused a general twist in the struc-
ture, which could be manually corrected by additional insertion or deletions. The complex DNA 
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origami design could be achieved with a computer-aided user-friendly software called caDNAno 
[49], that was also developed in the same year 2009 by Douglas and co-workers. It is a graphical 
interface-based program, which easier the design of DNA origami and can automatically generate 
the sequence of the final staple strand. 
 
Figure 3 DNA origami structures. (a) The scheme demonstrates the folding path of a DNA origami structure. (b) 
Examples of 2D origami structures. Top: Schematic diagrams of the structures including a rectangle, a star, a 
smiley face, and a triangle; bottom: AFM images of the fabrucated 2D DNA origami shapes [50]. (c) 3D 
origami structures based on a honeycomb lattice [51]. Scale bar: 20 nm. (d) 3D DNA origami structures based 
on a square lattice[48]. Scale bar: 20 nm.  
Numerous DNA nanostructures have been assembled using the origami technique, such that in 
the following only a small selection is highlighted. A DNA box with a controllable lid [52] could 
be fabricated by connecting 6 origami sheets at their edges. By manually introducing the base 
insertions/deletions to change the distance between staple crossovers, twisted and curved struc-
tures could be introduced [53] (Figure 4a). Dietz et al. demonstrated that the curvature of DNA 
origami structure could be quantitatively controlled down curvature radii of 6 nm [53]. A molecu-
lar robot could also be built based on the shape-complementarity of the 3D DNA origami [54]. 
They could change their conformation by cation concentration or temperature, thus introducing a 
dynamic system, including an actuator, a switchable gear and a nanorobot (Figure 4b). In addi-
tion to conventional DNA origami structures from closely packed helices, wireframe 3D DNA 
origami meshes have been created by using a computer algorithm to convert the desired structure 
into a triangulated mesh [55]–[57] (Figure 4c).  
Each individual staple oligonucleotide is highly addressable, thus different functional materials 
can also be integrated into the DNA origami structure via these staple oligonucleotides. The oli-
gonucleotides end can be directly modified with chemical linkers for integration or an extension 
of the specific staples strands for the attachment of functional materials with complementary se-
quence. Various functional elements, such as proteins [58], fluorescent dye [59] and Raman-
active molecules [60], [61], semiconducting polymers [62] and metallic nanoparticles [63], [64] 
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have been introduced to the DNA origami structures to achieve different functionalities and prop-
erties.  DNA origami proved to be a useful method to design and fabricate nanostructures with a 
broad range of functionalities.  
 
Figure 4 DNA origami structures. (a) Curved structures bend into a quarter circle to form 12-tooth gears [53]. 
Scale bar: 20 nm. (b) DNA origami nanorobot [54]. Scale bar: 25 nm. (c) 3D wireframe DNA structures: waving 
stickman, a bottle and a version of the Stanford bunny [55]. Scale bar: 50 nm. 
1.1.4 Hierarchical Assembly of DNA Origami Structures 
Large DNA origami structures, both in size and molecular weight, are highly desired for creating 
complex higher-order structures [65]. However, the size of an individual DNA origami structure 
is limited by the scaffold length of ~8000 nt (~300 kDa). To scale up the size of DNA origami 
structures, each DNA origami can be used as a building block and form higher-order structures 
through hierarchical self-assembly [66]. There are two principles for the higher-order DNA ori-
gami assembly that utilizes and stabilizes DNA structures: (1) sequence-specific Watson-Crick 
base pairing via sticky-end association; (2) non-sequence-specific base stacking at the blunt ends 
of the DNA helices.  
Base pairing via sticky ends: Iinuma et al. [67] fabricated 3D polyhedrons from DNA origami 
“tripod” monomers, whose inter-arm angles can be tuned by the length of supporting struts 
(Figure 5a). Different polyhedral shapes were constructed (consist of 4-12 monomers) from tri-
pod monomers with different angles, reaching molecular weights of up to 60 MDa. 2D crystalline 
DNA origami structures can also be achieved based on this principle. Seeman and co-workers [68] 
constructed a DNA origami array where the cross-shaped origami tiles had available connecting 
sites in two independent directions (Figure 5b). These sticky ends found the complementary parts 
and hybridized, leading to large 2D arrays. In addition, lattice arrays can be assembled from sets 
of hexagonal DNA origami tiles [69]. One important aspect for higher-order DNA origami struc-
ture assembly is the rigidity and correct folding of the origami monomers. In addition, minimiz-
ing the global twist and avoiding strong association improves the higher-order assembly. 
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Base stacking at blunt ends: Yan et al. reported that simple base stacking at helical blunt ends 
of DNA origami can be utilized for higher-order assembly [70]. In 2011, Woo and Rothemund 
systematically studied the assembly rule based on base stacking. They found that base stacking 
was a directional bond force and it favored an antiparallel stacking polarity. Furthermore, this 
force can be used to guide DNA origami towards high-order assembly [71]. They summarized 
three main factors that need to be considered when implementing base stacking into the higher-
order DNA origami self-assembly: (1) the sequences of the bases, which defined the interaction 
strength; (2) global twist, which influences the stacking sites’ accessibility; and (3) crossovers 
near the blunt-end region, which can cause deformation and reduce its efficiency. Following these 
rules, a set of base stacking interactions have been designed with complementary codes to 
achieve specific hybridization associations resulting in different patterns (Figure 5c). Dietz et al. 
constructed 3D multilayered DNA origami bricks based on this concept (Figure 5d) [72]. In addi-
tion, they showed that temperature and salt concentration could be tuned to switch on or off inter-
actions between these origami units.  
 
Figure 5 Hierarchical assembly of DNA origami via base-pairing and base-stacking. (a) Hexagonal prisms 
containing 12 DNA origami tripods via sticky ends hybridization [67]. (b) 2D DNA origami arrays assembled 
from cross-shaped DNA origami tiles via sticky ends hybridization [68]. (c) A linear DNA origami array 
assembled via blunt-end stacking and shape complementarities [71]. (d) 2D lattice structures were created based 
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Combination of two principles (base pairing via sticky ends and base stacking at blunt ends): 
In addition, base stacking (based on shape complementarity DNA blunt ends ) and base pairing 
(based on hybridization of sticky ends) can be simultaneously combined and applied [73]–[75]. 
This has extensively expanded the complexity of self-assembled patterns. Three-dimensional 
crystalline DNA origami lattices (Figure 6a) were assembled from DNA building blocks and it 
could site-specifically host nano-objects [76]. Gigadalton-scale DNA structures (Figure 6b) with 
sizes comparable with viruses and cellular organelles have been achieved with a high yield 
around 90 % [77]. Mona Lisa structures (Figure 6c) can be produced with DNA origami arrays 
by ‘fractal assembly’ [78]. Increasing size (up to16 individual monomer) and arbitrary pattern 
reached a yield of 2-4 %.  
 
Figure 6 Higher-order DNA origami assembly. (a)  A rhombohedral DNA origami lattice via triangular DNA 
origami building blocks [76]. Gold nanoparticles can be hosted in this DNA origami lattices.  (b) DNA 
dodecahedron formed from V-brick, with 1.2 GDa mass and 220 nm radius [77]. (c) Strand-level diagram of 
square DNA origami tiles which can form a picture of Mona Lisa [78]. AFM images of plain arrays and Mona 
Lisa were presented. 
Other strategies to obtain large origami structures: Much longer scaffolds for DNA origami 
can be produced to increase the size of DNA origami. Such  scaffolds, achieved by a variety of 
biotechnological methods, have been used to construct large-sized DNA origami structures [79], 
[80]. Multiple scaffolds could be utilized for one DNA origami design to achieve larger sizes [81]. 
Moreover, some single-stranded staples in the origami structure can be replaced with complex 
nanostructures, for example, DNA tiles or origami structures themselves to increases the com-
plexity and size of an individual origami [82], [83]. For the latter, the assembly yield of 85% can 
be achieved with a molecular weight up to 45.5 MDa. In addition, external templates can be used 
to assemble the DNA origami structure into a large scale. Woo and Rothemund [84] demonstrat-
ed that controlling the stepwise diffusion of origami onto the mica substrate can medicate higher-
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order latticed DNA origami structures. Lipid bilayer can also be utilized to direct the growth of 
DNA origami into 2D arrays [85].  
1.2 Metallic Nanostructure Fabrication based on DNA  
Top-down lithography method to scale down metal structure reaches limitations, building arbi-
trary metal nanostructures in a parallel fashion are highly demanded. Bottom-up self-assembly 
based on DNA nanotechnology for fabricating metallic nanomaterials is widely developed. 
1.2.1 Metallization of DNA 
Metal-ion Interactions with DNA 
The key aspect of DNA metallization is the interaction between DNA and metal ions. DNA with 
its negatively charged phosphate backbone can attract charged species due to electrostatic interac-
tions [86], which dominate in particular for alkali metal ions like Li+, Na+, K+, Cs+. It has been 
proven that they can electrostatically bind to the DNA backbone. In addition to electrostatic in-
teractions, divalent metal cations like Mn2+, Ni2+, Cu2+, Pd2+,  have specific interactions with 
bases on the purine and pyrimidine rings [87]. These metal ions interact more strongly with 
the bases than with the phosphates, except for Cu2+, which binds strongly to both of these 
groups. However a too strong base affinity can disturb the hydrogen bonding the between 
base pairs, destabilizing the B-form DNA [87]. Different metal ions interact with either phos-
phate backbone or nucleotide bases, and it is of critical importance for several methods of 
DNA metallization.  
Electroless Plating 
Electroless plating is a method of depositing metals without the usage of an electrochemical re-
duction process. It can therefore also applied to non-conductive substrates. A solution containing 
the desired metal ions is applied to a substrate to initiate the metal deposition. The first deposited 
metal layer catalyzes subsequent plating and allows the metal deposition to continue. The plating 
process thus follows an autocatalytic mechanism [88].  
The underlying principle can be described as a reduction-oxidation (redox) reaction and is divid-
ed into two steps: oxidation (anodic reaction) and reduction (cathodic reaction). The reducing 
agent (𝑅𝑒𝑑) provides the required electrons by reacting to its oxidized form (𝑂𝑥); afterward, the 




𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 𝑅𝑒𝑑 → 𝑂𝑥 + 𝑛𝑒− 
𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 𝑀𝑧
+
+ 𝑧𝑒− → 𝑀 
(1) 
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The above reactions do not show the actual stoichiometry for the electroless plating.  
An electroless plating bath typically consists in addition to metal ions and a reducing agent also 
of suitable complexing agents, and stabilizers. Complexing agents are normally organic acids or 
their salts to maintain the pH of the plating solution [88], [89]. Complexing agents can also form 
stable complexes with metal ions and enhance the metal ion stability and the plating reaction’s 
selectivity [88]. Stabilizers help to prevent the homogeneous reaction that leads to random de-
composition [88], [90]. 
Metallization of dsDNA 
Double-stranded DNA (dsDNA) can be directly metallized by electroless plating via initial bind-
ing of seed ions, formation of nucleation centers during the reduction of seeds, and subsequent 
growth of the nucleation centers into metallic structures. In 1996, the first case of exploiting DNA 
structures for a templated growth of nanoparticle was described by Coffer et al. [91]. They used 
3455 bp long circular plasmid DNA molecule as a template for the fabrication of semiconductor 
nanoparticle rings (Q-CdS, Cd2+ ions reduced by H2S). It demonstrated that it was possible to use 
biological macromolecules as templates for the self-assembly of semiconductor nanostructures. 
In 1998, Braun et al. [92] described a two-step procedure for using DNA in the construction of a 
functional electric circuit. It was the first realization of DNA metallization. The DNA they used 
was λ-DNA (48502 base pairs), a linear dsDNA from lambda phage. They fabricated silver nan-
owires on this DNA scaffold which were previously stretched between two electrodes. Ag+-ions 
were bound to the DNA backbone via electrostatic interaction. Hydroquinone (HQ) was added as 
a reducing agent, resulting in continuous, grainy silver wires (12 µm long and 100 nm wide, see 
Figure 7a). Measurements of the I-V curves showed interesting results, revealing a non- linear, 
and history-dependent characteristic. It demonstrated that nanoscale functional electric devices 
based on DNA are possible. Different growth conditions and metal types need to be further de-
veloped to achieve wires with metallic conductivity for future applications and still remained a 
challenge up to now. 
The conductive properties of DNA based wires have been improved by using palladium for the 
metallization as reported by Richter et al. [93]. λ-DNA was again used as a scaffold (placed be-
tween macroscopic Au electrodes), and reduction of a palladium chloride solution allowed the 
groth of  metallic Pd wires using the reducing agent dimethylamine borane (DMAB) (Figure 7b). 
Conductivity measurements were performed and linear I-V curve was achieved. The nanowires 
exhibited ohmic transport behavior at room temperature. Their research again confirmed that 
DNA is highly applicable for metallic nanowires production.  
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Metallization of DNA with other metals has also been reported, for examples, DNA with plati-
num (Pt) [94], [95] and linear nickel (Ni) wires on λ-DNA [96] were fabricated, DNA nanowires 
made of zinc oxide (ZnO) [97] were achieved, gold (Au) nanowires and networks [98], [99], as 
well as copper (Cu) nanowires [100] were also realized. For future application in nanoelectronics, 
metallic nanowires with smaller diameters under continuous and homogenous growth are needed. 
It requires better confinement over the growing seeds to construct thinner conductive wires.  
 
Figure 7 Metallization of dsDNA. (a) Construction of a silver wire between two gold electrodes [92]. Left: 
scheme; right: atomic force microscopy image. (b) Fabrication of palladium nanowire based on DNA strand 
[93]. Left: scanning electron microscope image; right: two-terminal current-voltage curves.  
Site Specific Metallization of DNA 
Keren and co-workers [101]  developed sequence-specific molecular lithography on dsDNA mol-
ecules substrate. During the metallization, a nucleoprotein filament found in recombination 
(ssDNA polymerized with RecA) was used as a site-specific mask. The filament could invade 
into dsDNA with complementary sequence, which created a section of three DNA strands, lead-
ing to a pattern over the whole DNA strands. Subsequently, during the gold metallization, RecA 
would prohibit the Ag ions binding and thus the formation of Ag seeds on the dsDNA. The sub-
sequent electroless gold deposition resulted in gold-wires with an insulating gap (see Figure 8). 
In this molecular lithography, DNA molecules were used as the masks as in the conventional 
microelectronics, and the RecA protein behaved as the resist. This molecular lithography can be a 
useful tool for further metal construct building. 
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Figure 8 Site specific metallization of DNA [101]. (a) Schematics of Ssquence-specific molecular lithography 
on a single DNA molecule. (b) AFM, SEM images and current-voltage (I-V) curve of DNA-templated gold 
nanowire. 
Metallization of DNA tiles 
With advances in DNA nanotechnology fabrication, metallization of complex DNA nanostruc-
tures such as DNA tiles has also been achieved. In 2003, H. Yan et al. metallized a tile-based 
nanoribbon structure into highly conductive and equally wide silver nanowires (43 ± 2 nm width 
and ~5 μm length) [102]. The nanoribbons were comprised of 4 × 4 DNA tiles and displayed pe-
riodic square cavities. The nanoribbons were first mixed with Ag ion solution for the seeding 
procedure, followed by the commercial metallization kit. Current-voltage characterization re-
vealed the ohmic behavior of the silver nanowires (Figure 9a). The 4 × 4 DNA tiles could be 
further programmed with different sticky ends to form various arrays for molecular device fabri-
cation. The same “two-step metallization” process was optimized to fabricate continuous silver 
nanowires from DNA nanotubes assembled from thiol-modified triple-crossover tiles (Figure 9b) 
[103]. They demonstrated that the nanowire formation was programmable and easily reproducible, 
and resulted in nanowires with high conductivity (corresponded to a bulk resistivity of 2.4 × 10-
6 ohm·m) for potential usage in electrical devices. 
In 2006, C. Mao et al. designed a single oligonucleotide for self‐assemble micrometer‐long nano-
tubes [104]. The nanotubes (30-70 nm widths and 60 μm length) were assembled from double-
crossover (DX) tile-like structures via hybridization of complementary overhangs. Nanotubes 
were first immobilized on mica substrate followed by incubating in Pd2+  -solution and subse-
quent chemical reduction. Pd metallic nanowires were formed with 30-80 nm width and up to 30 
μm length (Figure 9c).  
Via DNA tiles based metallization, long linear nanowires can be built and less randomized nucle-
ation and high conductivity were observed. Furthermore, interconnections can be introduced at 
specific positions as needed for larger electronic circuits. However, the metallic nanowires were 
still not perfectly constrained and controlled. To fabricate metallic structures with complex ge-
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ometries and patterns in a controlled manner, DNA origami was further used as metallization 
template. 
 
Figure 9 Metallization of DNA tiles based nanostructures. (a) Silver nanoribbons using 4 × 4 DNA tile [102]. 
Top: scheme and AFM images of the nanoribbons (left: amplitude-mode; right: height mode); bottom: SEM 
image of nonmetallized nanoribbons, silver nanoribbon and the conductivity measurement (inset: current-
voltage curve). (b) Silver nanowires from DNA nanotubes [103]. Top: scheme; bottom: SEM images of 
nanotube before metallization and fully metallized silver nanotube. (c) Palladium (Pd) nanowires derived from 
DNA nanotubes originated from one DNA single strand [104]. Top: scheme; bottom: AFM images of DNA 
nanotubes and palladium (Pd) nanowires.  
1.2.2 DNA Origami Metallization  
Transformation of DNA origami structures with different shapes into inorganic nanomaterials has 
originated different DNA origami metallization protocols.  
Electroless Deposition through Metal ion/Metal complex  
The group of Adam T. Woolley has made several attempts in the metallization of DNA origami 
structures. In 2011, metallization of branched Y-shaped DNA origami has been reported [105]. 
They used 4-aminomethyltrioxsalen to crosslink DNA origami and it can further react with glu-
taraldehyde to introduce aldehyde groups, which allow the high-density Ag seeds deposition onto 
the DNA. Electroless Au plating solution was applied and selectively a gold layer with the shape 
of the underlying DNA nanostructures has been achieved (Figure 10a). They showed that magne-
sium ions (Mg2+) are crucial for maintaining the DNA structure, and it facilitates the adhesion of 
the negatively charged DNA nanostructures to the negatively charged mica substrate. Several 
other experimental conditions were optimized to achieve relatively high selectivity of metal dep-
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osition for small DNA origami templates. However, the metal deposition presented in this study 
was not highly continuous and often grainy shapes were observed.  
Subsequently, within the same group, a rapid DNA origami metallization compared to λ-DNA 
was reported and branched Au nanostructures (T-shape, 200-250 nm length and ∼40 nm diame-
ters) were achieved (Figure 10b) [106]. The updated metallization method consisted of three steps: 
Pd ions activation with DNA, reduction for forming seeds, and Au electroless plating of the seed-
ed structures. Sufficient activation time (10-30 min) allowed a significant increase in the seeding 
density and at the same time avoided partial DNA removal from the substrate. Interestingly under 
identical seeding conditions, DNA origami showed a higher nucleation site density than λ-DNA. 
This improved procedures showed potential for using DNA molecules as templates in bottom-up 
nanoelectronics circuit fabrication. 
Different geometries such as circuit-like DNA origami have also been employed for two types of 
metal deposition (Au and Cu), showing increased seed uniformity and density due to multiple Pd 
seeding steps [107]. Gold and copper circuit-like structures were achieved with electrical re-
sistance measurements showing ohmic behavior (Figure 10c).  
Liedl et al. demonstrated a universal strategy for arbitrarily shaped metal nanoparticles generation 
[108]. It was achieved by a two‐step metallization procedure. DNA origami structures with de-
fined shapes and dimensions were mixed with positively charged 1.4 nm gold clusters. By a sub-
sequent electroless gold ions deposition from solution, metallized objects with defined shape and 
dimensions were obtained retaining their original shapes (Figure 10d). The continuously metal-
lized structures showed a narrow size distribution yet still rather bumpy and grainy morphologies 
with grains of different diameters. However, this site‐directed metallization constituted a general 
and easy route to more complex structures with high yield and fidelity. 
DNA origami structures with a wide variety of shapes and sizes can be programmed and con-
structed, leading to the fabrication of complex metal materials with different shapes with unprec-
edented optical and electronic behavior. The possibility to selectively address DNA origami 
structures with metallic nanoparticles and chemical groups will enable the controlled metalliza-
tion with nanometer precision.  
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Figure 10 Electroless deposition directly on DNA origami. (a) Y-shaped branched origami metallization [105]. 
Top: design and illustration of the metallization process; bottom: AFM images of branched origami before and 
after metallization on mica surface. (b) T-shaped branched origami metallization [106]. Top: schematic of Pd 
seeding and plating on double-stranded DNA; bottom: AFM and SEM images of metallized T-shape DNA 
origami on mica surface. (c) Circuit-liked origami metallization [107]. Top: fabrication scheme; bottom: SEM 
images and current-voltage curves for Au- and Cu-metallized circuit-like structure. (d) The two-step process of 
DNA origami metallization with defined shape [108]. Left: metallization strategy; right: SEM images of 
metallized six‐helix bundles, 14‐helix bundles, and nanodonuts on the silicon wafer.  
Metallic Nanoparticles Conjugated with DNA  
Chemically-synthesized metallic nanoparticles (NPs) have gained broad interest [109], [110]. 
These NPs are prepared by the reduction of metal salts typically in a seeded growth reaction 
scheme. The particle shapes can be altered by using suitable surfactants or reagents. Various me-
tallic NPs with different shapes (spherical particles [111], [112], rods [113], triangles [114], and 
hexagons [115]) have been produced. The assembled particles are normally stabilized using pro-
tective agents or additional layers (electrostatic, e.g. ionic double layer or steric stabilization e.g. 
organic molecules).  
Typically, functionalization of metallic NPs is achieved by chemical modifications of the NPs’ 
surface e.g. by replacing the protective or capping layer with ligand molecules. The ligand mole-
cules are usually attached to the metallic surface via a linker or terminal group. One of the most 
important linker group for modifying AuNPs is thiol. This concept was introduced by Brust et al. 
for the fabrication of gold nanoparticles (AuNPs) with a thiol-modified surface [116]. In 1996, 
Mirkin [117] and Alivisatos [118] at the same time reported the DNA functionalization of AuNPs. 
Mirkin et al. successfully assembled colloidal gold nanoparticles into macroscopic aggregates 
using complementary DNA oligonucleotide sequences (Figure 11a) [117]. Based on Watson-
Crick base-pairing interaction, Alivisatos organized complex nanocrystals into spatially defined 
structures (Figure 11b) [118]. Citrate stabilized AuNPs underwent a ligand exchange with thio-
lated ssDNA, due to the large energy difference between the gold-oxygen (∆H (Au-O) = 222 
kJ/mol) and the gold-sulfur (∆H (Au-S) = 418 kJ/mol) bonds. Thiolated ssDNA replaced the cit-
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rate ligand on AuNPs and arranged the AuNPs into defined patterns. In addition, short DNA link-
ers have been successfully used to create assemblies of nanoparticles with tunable interparticle 
distances (Figure 11c) [119].  
AuNPs are broadly used in the field of DNA nanotechnology for a wide range of with their robust 
synthesis and versatile modification possibilities, specially AuNPs functionalized with thiolated 
oligonucleotides via sequence-complementarity applications [120]–[124]. The programmable 
base sequence of the oligonucleotides enables a highly specific attachment of AuNPs together 
with different materials into one system, while the interparticle distances can be finely controlled. 
The usage of DNA origami as a template for the precise arrangement of AuNPs is particularly 
interesting in metallic nanostructure fabrication.  
 
Figure 11 ssDNA conjugated AuNPs. (a) Scheme of DNA-based colloidal nanoparticle assembly strategy [117]. 
(b) Nanocrystal assembly based on Watson-Crick base-pairing interactions, nanocrystal (shaded) attached to 
oligonucleotide [118]. (c) Core (50 nm) - satellite (13 nm) expansion through modulation of a double-helical 
DNA linker [119]. 
Electroless Deposition Using Metallic Nanoparticle Seeds 
Site-specific attachment of preformed metallic nanoparticles as nucleation seeds, instead of the 
non-specific seeds generation all over the DNA structure, has been employed as a promising 
strategy for electroless metallization of DNA nanostructures. M. Pilo-Pais et al. demonstrated the 
site-specific silver metallization of AuNPs on DNA origami structures with programmable loca-
tions for AuNPs binding [125]. 5 nm AuNPs were functionalized with complementary single-
stranded DNA which can hybridize to staple extensions at the desired binding sites on the DNA 
origami structures. The DNA structures were deposited on mica and SiO2 substrates. Silver depo-
sition was conducted and different metal patterns were achieved, including a four-corners struc-
ture, two parallel bars, ring and H-shapes (Figure 12a). All the designed patterns retained the 
intended features after the metallization. The growth speed of the AuNPs was also investigated on 
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four-corner bound AuNP origami structures. With the increasing metallization time, the nanopar-
ticles’ size increased linearly. Although the results showed still granular nanostructures, it repre-
sented a first step for site-specific metal deposition on DNA nanostructures. 
A similar procedure to site-specific metallization through AuNP attachment for gold deposition 
was applied to achieve conductive gold nanowires [126]. T-shaped origami structures were fabri-
cated with a high density of staple overhangs on the select regions (11 nm spacing) to hybridize 
AuNPs. A commercial kit together with the previously mentioned plating protocol was applied to 
the tightly-packed seeds (4.1 nm gap size), resulting in continuous nanowires (Figure 12b). 
However, the nanowires achieved showed variable widths (20-30 nm) and resistance values were 
up to 2.4 kΩ by the electrical conductivity measurements. Another method to fabricate gold nan-
owires based on DNA origami nanotubes and AuNPs has been reported by Teschome et al. [127]. 
6-helix bundles origami was assembled with attachment strands protruding for AuNPs and fol-
lowed by Au plating with various incubation times. 5 nm AuNPs have grown to ∼30 nm diameter, 
resulting in continuous gold nanowires. Electron beam lithography was used to fabricate elec-
trode contacts for selected nanowires and electrical conductance was measured at various temper-
atures (room temperature to 4.2 K). At room temperature, the gold nanowires showed ohmic be-
havior whereas at lower temperatures, different charge transport mechanisms (tunneling and 
thermally assisted charge transport, discussed in 1.3.1) start to dominate (Figure 12c). The selec-
tive contact fabrications using electron beam lithography presented in this study demonstrated 
nanoelectronics devices assembly combined with top-down and bottom-up methods is possible.  
Instead of one single metal type, two different metals can also be assembled on one DNA origami 
nanostructure with selective deposition in sequential steps [128]. At first, AuNPs were attached to 
the left side of the origami, then followed by sequential Au plating using a commercial kit. Octa-
decane thiol was used as a ‘chemical mask’ to cover the gold structure. In a second step, ionic Pd 
seeding and Cu plating were applied on the uncovered side of the origami. Using this strategy, 
gold and copper were directed to the designed locations on the origami and a heterogeneous Cu–
Au junction was formed, as confirmed with compositional and morphological investigation 
(Figure 12d). This work showed the ability to deposit different metal components to designed 
sections on DNA templates, which can be further adapted for hybrid DNA-templated nanosys-
tems fabrication. 
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Figure 12 Electroless deposition through metallic particles (NPs) on DNA origami. (a) Site-specific DNA 
origami metallization [125]. Top: Schemes of the designed structures; bottom: AFM and SEM images of 
different metallic nanostructures, (i) a pair of parallel bars, (ii) ring, (iii) H shape and (iv) a four-corner with 
increasing metallization. (b) Conductive gold nanowire fabricated in T-shaped origami [126]. Top: scheme of 
site-specific seeding; bottom: AFM, SEM and I-V curve of the nanostructures. (c) Gold nanowire contact by 
electron beam lithography [127]. Top: schematic; bottom: different charge transport mechanism under different 
temperature ranges. (d) Heterogeneous metal junction on a DNA origami template [128]. Top: scheme 
demonstrated the two metal metallization in a sequential step; bottom: AFM image of bar origami, Au plating 
on the Au-seeded section and SEM image of Au-Cu junction. 
Electroless Deposition Employing Metallic Nanorods (NRs) 
Nanorods are rod-shaped nanoparticles with length ranges from 10-100 nm at different aspect 
ratios (length over width). The potential usage of metallic nanorods as seed particles to improve 
the quality of metal deposition on DNA origami templates has been previously investigated. In 
2017, Uprety et al. [129] demonstrated a metallization process based on gold nanorods on DNA 
origami template and achieved conductive gold nanowires with diameters as small as 13 nm 
(Figure 13a). Gold nanorods were attached to the origami followed by an electroless gold deposi-
tion to fill the gaps between individual nanorods to create continuous nanowires. Interestingly, 
gold growth in the distal direction exhibited a faster growth rate than in the lateral direction, 
which better controlled the final metallized width of the structure. The resistivity values of nan-
owires (13-29 nm diameter) were as low as 8.9 × 10-7 Ω·m.  
Continued with the similar strategy, different shapes of quasi-continuous metallic structures were 
fabricated, including rectangular, square, and T shapes [130]. The main difference to the previous 
study is the site-specific deposition of DNA functionalized gold nanorods on DNA origami tem-
plates. Anisotropic growth of nanorods was observed such that it filled up the gaps between 
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neighboring nanorods (11-13 nm), and resulting in continuous structures with diameters as small 
as 10 nm (Figure 13b). The metallization process was highly selective with low background dep-
osition compared to the previous study.  
Following the anisotropic growth of the site-specific Au nanorods, several self-assembled Au 
nanowire arrangements on DNA origami tiles were fabricated [131]. Additional attachment sites 
were used to provide more effective linking of DNA-functionalized Au nanorods to the desired 
sites, resulting in 6-fold increased yields of the final desired nanostructures. A four-point meas-
urement technique was applied to each individual Au nanowire for conductivity measurement 
(∼130 nm long, 10 nm diameter, and 40 nm spacing between measurement points). This tech-
nique utilized electron beam induced metal deposition to form probe electrodes. The C-shaped 
Au nanowires exhibited resistivity as low as 4.24 × 10-5 Ω·m (Figure 13c).  
 
Figure 13 Electroless deposition through metallic nanorods (NRs) on DNA origami. (a) Conductive gold 
nanowires with nanorods as seeds [129]. Top: schematic demonstration of the wire fabrication; bottom: SEM 
images and current-voltage curve of the nanowire. (b) The directional continuous growth of site-specific gold 
nanorods on DNA origami template [130]. Top: design scheme; bottom: SEM images of metal structures after 
electroless plating (rectangular, square, and T-shaped). (c) Gold nanowires with four-point probe electrical 
measurements [131]. Top: schematic diagram; bottom: SEM images of C-shaped nanowire with four distinct 
platinum contacts and I-V curve from one C-shaped nanowire.  
1.2.3 DNA Origami Mold Templated Metal Deposition 
All the above mentioned strategies for depositing inorganic material on DNA templates rely on 
introducing nucleation centers (metal ions/metal complexes, metal nanoparticles/ nanorods). 
Since the growth occurs on top of the DNA origami, the electroless deposition of inorganic mate-
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rial is inhomogeneous. To achieve a tight control of the metal deposition, a new strategy has re-
cently been developed in which DNA origami structures were used as nanoscopic molds. This 
allowed to confine the metal growth and to imprint the shape of the DNA mold onto the resulting 
nanoparticle (see Figure 14a). 
Sun et al. designed barrel-like structures, where DNA handles for capturing ssDNA-AuNPs 
through hybridization were placed in the middle of the cavity [132]. Once the conjugated AuNPs 
were captured, DNA origami lids were added to create in a caged chamber. The electroless depo-
sition has been initiated, using AgNO3 as a metal precursor, and ascorbic acid as a reducing agent. 
The AuNP seeded growth was confined within the mold cavity and replicated their 3D shapes. 
Different silver and gold metal nanostructures were fabricated with tunable dimensions and more 
than one cavity segment, as shown in Figure 14b. The metallized silver nanostructures reached a 
yield of ~40 % with 3 nm resolution. Gold nanoparticles growth was more difficult since the gold 
precursor buffer contained ethylenediaminetetraacetic acid (EDTA) which might cause a chelat-
ing effect. Removing EDTA improved the growth rate but lead to a significantly lower yield of 
6 %. The electromagnetic behavior and the plasmonic spectra of these metal nanostructures fur-
ther proved the feasibility of this technique.  
At the same time, Helmi et al. in our group fabricated cuboid gold nanostructures in a similar 
fashion [133]. Tube-like DNA origamis with quadratic cross-sections were constructed and 
AuNP seeds were captured in the middle through complementary DNA strands. The AuNP deco-
rated origamis were first premixed with a reducing agent (hydroxylamine) in the salt-containing 
buffer, and HAuCl4 was gradually added to initiate gold growth. The growth is a self-terminate 
process since only a certain amount of gold ions was added for the reaction. The particle can fully 
adapt the shape of the mold structure and the growth can be controlled with stepwise addition of 
gold precursor (see Figure 14b). Furthermore, dimer structures with side-by-side and head-to-tail 
geometries were also investigated for the larger composition of mold-casted nanoparticles. How-
ever, enlarged particles with sizes exceeding the diameter of the mold cavity were observed, 
which indicated that DNA origami double layer is not sufficient enough to completely constrain 
the gold growth. Furthermore, the outgrown cuboid particles tended to aggregate at the open sites. 
To address these challenges, multiple layers of DNA origami can be designed to have better con-
trol over the gold growth as well as extra lid structure to create caged space to avoid aggregation.  
Nevertheless, the resolution of mold-templated metal deposition is limited by the stiffness of the 
DNA origami, since often outgrowth from the mold can be observed. Despite that, this method 
enables metal nanostructure fabrication with homogenous composition. Moreover, each individu-
al staple from the 3D origami can be designed to attach different functional elements and metallic 
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nanoparticles in one system, which can be used for further nanoelectronics and plasmonics appli-
cations. 
 
Figure 14 DNA origami mold templated metal deposition. (a) Scheme of the metal nanostructure casting using 
DNA nanostructure molds [133]. (b) Experimental results of the metal particles from Sun at el. [132] and Helmi 
at el. [133].  
1.2.4 Metallization Summary 
DNA-templated metal nanowires obtained with different methods are summarized in Table 1 
(adopted from reference [134]). The widespread resistance values ranging from a few Ω up to 
several GΩ indicated the quality of the metal layers played an important role in their electronic 
performance. The low conductivities compared to bulk metal materials mainly came from the 
electron scattering at the metal grain boundaries which could be avoided with development of 
metal growth conditions. The seed-based metallization schemes suffered from granular structures 
and discontinuities, while the controlled growth using DNA origami mold served as a highly 
promising approach to form arbitrarily-shaped metallic nanoparticles with homogeneous and con-
tinuous growth. The possible applicability of this self-organization scheme based on the DNA 
origami mold enabled the formation of complex structures for nanoelectronic applications. Strat-
egies to incorporate different metals or active electronic building blocks into this mold system 
will be investigated as the next step towards self-assembled nanoelectronics.  
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Table 1 Summary of resistance values and construction properties of DNA templated metal nanowires [134]. 
 NP: nanoparticle; EBL: electron beam lithography; NA: not available; RT: room temperature; TX: triple-
crossover; PDMS: polydimethylsiloxane; AFM: atomic force microscopy; TMS: tetramethylsilane; THP: 
negatively charged tris(hydroxymethyl)- phosphine-capped; CC: circular circuit; EBID: electron beam induced 
deposition.   
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1.3  Characterization of Metal Nanostructures 
For nanoelectronic devices, proper interconnections between the individual electronic compo-
nents are essential. Different charge transport mechanisms occur even for metallic structures due 
to the unique geometries as well as a significantly smaller contact surface [135]. Several charge 
transport mechanisms will be discussed in this chapter, together with techniques for electrical 
characterization and structural inspection of DNA-based metallic nanostructures. Furthermore, 
microscopy techniques to visualize nanometer-sized structures will be explained. 
1.3.1 Charge Transport Mechanisms 
During metallization, each of the nucleation centres grows to a certain particle size and eventually 
touches its neighbors to form a continuous nanostructure. These granular nanoparticle assemblies 
(mostly from gold) exhibit electronic properties that depend on the architecture and composition 
of the materials [136], [137]. Extensive studies have shown that the electronic properties of gran-
ular nanoparticle arrays can be categorized into three distinct regimes: an insulating regime, a 
bulk regime (metallic), and a transition regime [138]. Charge transport mechanisms in these re-
gimes, however, have not yet been fully understood [138]. Several phenomena such as tunneling, 
thermionic emission, hopping, and single-electron charging are particularly important.   
Large and highly coupled nanoparticles In this case the metal nanostructures typically exhibit 
metallic behavior and the charge transport can be described by classical theory. The conductivity 





where 𝑛 is the electron density, 𝑞 is the electron charge, 𝜏 is the mean free time between colli-
sions, and 𝑚 is the electron mass. Since the mean free time 𝜏 is determined by both elastic and 











In granular metal nanoparticle assemblies, impurities and defects cause elastic electron scattering 
whereas electron-electron or electron-phonon interactions cause inelastic scattering. Unlike elas-
tic scattering, inelastic scattering has a strong temperature dependence. At higher temperature, 
inelastic scattering becomes dominate and affects the conductivity of metals. The conductivity of 
metals can, therefore, be rewritten as 
 𝜎−1 = 𝜎0
−1 + 𝜎(𝑇)−1 (4) 
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Small and weakly coupled nanoparticles The electronic properties are between the metallically 
conducting and the insulating regime, also known as metal-insulator transition (MIT) regime. 
Here quantum effects such as quantum confinement and tunneling become important. Depending 
on the different conditions, such as applied electric field, temperature and the arrangement of the 
nanoparticles, various competing mechanisms dominate the transport behavior. In particular, tun-
neling, thermionic emission, hopping conduction, single-electron transport, which will be ex-
plained in the following. 
Tunneling  
One important charge transport mechanism in absence of metallic interparticle contacts is tunnel-
ing. Tunneling enables the charge between weakly coupled sites, where the wave functions are 
mainly localized on each site. In direct tunneling, an electron has a finite probability of crossing a 
potential barrier, even in case the electron’s energy is smaller than the barrier. The tunneling 
probability 𝑃 is exponentially dependent on the thickness of the tunneling barrier 𝐿 and is given 
by [138], [139] 




where ℎ is Planck's constant, 𝑚 is the mass of the electron and Φ is the barrier height.  
The tunnelling behaviour qualitatively differs dependent on the applied voltage: 
At low bias voltage the tunnel current density 𝐽 can be expressed using the Wentzel–Kramers–





where 𝑉 is the applied voltage. Thus, the current density has a linear voltage dependence. Alt-
hough direct tunneling is an important charge transport mechanism in granular metal nanoparticle 
assemblies, it is difficult to extract the necessary parameters such as the barrier height from the 
tunneling current [138]. 
At high bias voltage the shape of the barrier potential changes from an idealized rectangular to a 
triangular form allowing more electrons to penetrate the lower barrier. This field-dependent tun-
neling is known as Fowler-Nordheim (F-N) tunneling. The current density at high bias voltage 
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For F-N tunneling, 𝐼𝑛 (
𝐽
𝑉2
) should have a linear dependence on 1/𝑉, allowing the barrier height 
to be extracted from the I-V curve. In addition, such an F-N plot is normally used to specify the 
transition voltage, where the transport mechanism jumped from direct tunneling to F-N tunneling. 
Thermionic Emission 
In addition to tunneling, which is temperature independent, also thermally activated processes 
have to be considered for the charge transport. Due to thermal excitation, electrons acquire suffi-
cient energy to overcome the potential barrier instead of tunneling at a certain temperature. It is 





where 𝑇 is the temperature, 𝜀 is the dielectric constant, and 𝑘 is the Boltzmann’s constant. In the 
thermionic emission regime, 𝐼𝑛 (
𝐽
𝑇2
) has then a linear dependence over 1/𝑉. 
Hopping Conduction 
Due to thermal fluctuations, thermally activated electrons can escape from one isolated state to 
another. This charge transport mechanism is called hopping. If the hopping distance is compara-
ble with the distance between neighboring sites, nearest-neighbor hopping (NNH) [138] domi-
nates the transport mechanism, and the conductance shows activated Arrhenius behavior. The 
temperature dependence of the current density can be expressed as, 








 , and the activation energy 𝐸𝑎 can be extracted from the slope. 
These abovementioned transport mechanisms with their characteristic current‐, temperature‐, and 
voltage‐dependencies are summarized in Table 2 [141].   
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Single-Electron Transport 
Given the small size of metal nanoparticles used in many nanotechnology applications, the charg-
ing of a nanoparticle by a single electron can also strongly influence the transport properties. 
When an electron tunnels, it charges or discharges the metal nanoparticles. At absolute zero, a 
sufficiently large external bias is required to enable the current flow. Below a certain voltage 
threshold, current and conductance of the system are zero. This is known as “Coulomb blockade” 
(CB) [138]. When the temperature increases, electrons are able to overcome the Coulomb block-
ade thermally, and current and conductance increase. Multi-electron charging and discharging can 
give stepwise increases in the current at certain higher voltages at which these charging processes 
become energetically favorable. These steps in current are known as “Coulomb staircase” 
(Figure 15). Coulomb blockade and often Coulomb staircases have been observed in many stud-
ies of nanostructures [142], [143]. 
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Figure 15 Schematic presentation of single-eletron charging. (a) Schematic representation (similar to band 
diagram) of an electron tunneling through a barrier [144]. (b) I-V curve diagram of Coulomb Staircase when 
including charging effect of each single elctron [145].  
1.3.2 Measuring Charge Transport in Nanostructures  
To characterize the different charge transport mechanisms, current-voltage curves are normally 
measured using two- or four-point measurements. Electron-beam lithography (EBL) is used to 
fabricate electrode contacts on nanometer-sized metal nanostructure for the characterization of 
their electrical properties [127], [146]–[148]. EBL uses a highly focused beam of electrons (spot 
size of 1-2 nm and even below) to irradiate an electron-sensitive film (resist) and create a desired 
nano-pattern with sub-10 nm resolution [149]. The pattern can be programmed and directly writ-
ten by the electron beams without a physical mask compared to other lithography technics [150].  
The first step in EBL is developing the patterns. A resist layer is a special molecular film deposit-
ed on the substrate by spin coating and it is sensitive to electrons. With electron irradiation, its 
molecular structure and solubility can be changed. They can be positive resist (e.g. polymethyl 
methacrylate (PMMA) of different molecular weight), where the already existing molecular 
bonds can be cleaved and led to smaller molecules, thus the positive resist becomes soluble in the 
appropriate developer. They can also be negative resist (for instance, hydrogen silsesquioxane 
(HSQ)), where new bonds between the resist molecules are formed, leading to larger molecules, 
thus the exposed areas of the negative resist become insoluble (Figure 16a-c).  
After exposing and developing, the resist layer can be used as a mask for transferring the pattern 
onto the substrate. There are two main types of process for pattern transfer. The first is an addi-
tive process, where a metal layer is deposited all over the sample, followed by ‘lift-off’ to remove 
the remaining resist layer (Figure 16d). The second is a subtractive process that etches material 
away where resist layer is not covered (Figure 16e) [151]. Metal nanostructures that are random-
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ly distributed on a wafer surface can be contacted with high precision using EBL and it provides 
an important step towards the integration of self-assembled metal nanostructures to devices and 
systems. 
 
Figure 16 Schematic illustration of the EBL development. (a) The resist layer (positive or negative) is spin-
coated to the substrate. (b)The resist layer is subsequently exposed to an electron beam to achieve a defined 
pattern. (c) Two different resist layer types show different patterns after resist development. For the positive 
resist, the exposed areas are washed off; for the negative resist, the exposed areas remained after the 
development. (d) Pattern transfer by lift-off: metal layer is deposited onto the whole area, subsequently the 
remaining resist layer together with the metal layer on top of it are lifted from the substrate, leaving the final 
pattern. (e) Pattern transfer by etching: either wet chemical etching or dry etching is applied to the whole area, 
subsequently the resist layer is removed, leaving the final pattern. 
1.3.3 Scanning Electron Microscopy in Transmission Mode (tSEM) 
Transmission electron microscopy (TEM) or scanning electron microscopy in transmission mode 
(tSEM) are commonly used to characterize DNA origami objects and metal nanoparticles with 
high spatial resolution [152]. According to Louis de Broglie laws, the electron wavelength 𝜆𝑒 is 








Where ℎ is the Planck constant, 𝑚0 is the electron rest mass, and 𝑐 is the speed of light. With an 
operation voltage 𝑉 between 80 kV to 100 kV (𝐸 = 𝑒𝑉), a wavelength of about 4 pm can be 
achieved, which is sufficient to resolve DNA origami objects with feature sizes down to 2 nm 
(corresponding to the DNA helix diameter). DNA origami samples are usually negatively stained 
with heavy ions (e.g. uranyl acetate) to increase the contrast during the imaging. The staining 
increases the atomic number of the specimen, leading to the proportional increase of the scatter-
ing efficiency by the electron beam. STEM or tSEM operates in a similar fashion as a scanning 
electron microscope (SEM). With a wide range of possible scattering signals from the sample, 
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two commonly used modes are bright-field (BF) and high angle annular dark-field (HAADF) 
[153].   
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2. Objective 
As detailed in the sections before, advances in DNA nanotechnology allowed to fabricate rigid 
DNA templates that could be utilized to synthesize metal nanostructures. However, for a conven-
ient and successful usage of DNA-templated metal nanostructures in nanoelectronic applications, 
a number of key challenges still need to be addressed: (1) The traditional external metal deposi-
tion on DNA templates lacks size-control during particles growth and is prone to inhomogeneities. 
Thus, a better metal deposition concept is required. (2) The new metal deposition scheme should 
allow for homogeneous and continuous metal growth to avoid formation of isolated grains with 
pure electric contacts. (3) The new concept should allow the assembly of complex higher-order 
metal nanostructures with controlled multi-dimensional geometry and high addressability. (4) The 
new concept should allow the integration of multiple materials with distinct electronic properties 
to allow the construction of nanoscale structures with electronic functionality.  
This thesis addresses these challenges using a metal deposition concept based on DNA molds 
which can be programmably assembled into complex high-order structures. Furthermore, tech-
niques for the selective placement of different materials on the DNA templates including metallic 
and semi-conducting nanomaterials are examined, as a crucial requirement for the fabrication of 
DNA-based electronic devices. The primary objective of this study is to develop a universal 
modular platform using the DNA mold-based fabrication of metal nanoparticles. Particularly, 
metal nanostructures with programmable and controlled size, morphology and conductivity 
should be fabricated. Furthermore, the integration of different materials into this scheme should 
be established.  
The results achieved in this thesis are presented in the following order: 
Chapter 3 describes a modular platform that allows linear DNA origami molds to be assembled 
into controlled higher-order superstructures at a high yield. This allows to fabricate linear gold 
nanostructures with defined length as well defined metal patterns by site-specific metal deposi-
tion. Chapter 4 describes the synthesis of conductive linear gold nanowires. For this the wires 
were contacted by E-beam lithography and characterized in temperature-depended conductivity 
measurements. Chapter 5 reveals the integration of semiconducting rods into the mold platform. 
Simultaneous arrangement of the nanorods and gold nanoparticles with defined spatial orientation 
and interparticle distances allowed to create metal-semiconductor heterostructures. In Chapter 6, 
the obtained results are summarized and perspectives for the future application of the established 
mold-based nanostructures fabrication scheme are discussed. Additionally, within the Ph.D. time 
frame, extra work were conducted for the development of the modular platform and they were 
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summarized in unpublished manuscripts (P4 and P5, refer to List of Publications). Manuscript 
P4 demonstrates that the modular mold platform allows to integrate different mold shapes, such 
us molds with different diameter and even a junction. This allows the programmable fabrication 
of metal nanoparticles with complex geometries that contain branches as well as constrictions. In 
manuscript P5, a procedure for the highly anisotropic metal growth inside DNA molds is de-
scribed. This allows to grow metal nanowires from a minimal number of seeds numbers that 
promise improved conductivity.  
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3. Fabrication of Metal Nanostructures with Programmable 
Length and Patterns using a Modular DNA Platform 
3.1 Introduction 
The field of DNA nanotechnology has seen a tremendous boost in the fabrication of complex and 
atomically-precise nanostructures in a fully programmable manner. However, for many techno-
logical purposes, it would be highly desirable if one could synthesize inorganic nanostructures in 
a similar fashion. This idea has inspired the usage of DNA nanostructures as templates for guid-
ing and thus structuring metal deposition. Recently, a promising approach was developed in our 
research group and the group of Peng Yin in which DNA origami structures are used as molds in 
which metal is “casted”. This approach allows the formation of homogenous and continuous met-
al structures.  
This chapter significantly improved the capabilities of the mold-based approach, which was so far 
limited to single DNA origami structures or to origami superstructures with undefined length. 
Particularly, specific docking interfaces between mold monomers were created, such that linear 
mold superstructures of programmable length could be formed. By carefully improving the affini-
ty and specificity between the monomer structures, mold superstructures containing up to nine 
monomers at superior yields could also be formed. In a subsequent metallization step, linear met-
al structures could be fabricated whose length was fully predetermined by the interfaces of the 
used molds. Importantly, each monomer remained specifically addressable in the mold super-
structures. This allowed to create specific patterns of nucleation seeds for the gold deposition and 
thus specific metallization pattern within the molds.  
This chapter furthermore expands the mold-based modular platform for metallic nanostructures 
and demonstrates the flexibility of interfaces for higher-order structure fabrication. The estab-
lished platform provides a crucial basis for the assembly of even more complex nanostructures, 
e.g. by implementing branch points and extra elements like presented in manuscript P4, or differ-
ent materials including semiconducting nanorods as presented in Chapter 5. Furthermore, it fa-
cilities the creation of well-defined and large interparticle distances which is further utilized in 
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ABSTRACT: Recently introduced DNA nanomolds allow
the shape-controlled growth of metallic nanoparticles. Here
we demonstrate that this approach can be used to fabricate
longer linear metal nanostructures of controlled lengths and
patterns. To this end, we establish a set of different interfaces
that enable mold interactions with high affinity and specificity.
These interfaces enable and control the modular assembly of
mold monomers into larger mold superstructure with
programmable dimension in which each mold monomer remains uniquely addressable. Preloading the molds with nanoparticle
seeds subsequently allows the growth of linear gold nanostructures whose lengths are controlled by the DNA structure.
Exploiting the addressability of individual mold monomers furthermore allows achievement of site-specific metallization, that is,
to create defined metal patterns. We think that the introduced approach provides a useful basis to fabricate nanomaterials with
complex shapes and material composition in a fully programmable and modular fashion.
KEYWORDS: Metal nanoparticles, seeded growth, DNA metallization, DNA nanostructures, DNA origami, DNA template
Over the past decade, DNA nanotechnology1,2 hasbecome a rapidly emerging field for building complex
two- and three-dimensional nano- and submicrometer
structures. In comparison to top-down lithography techniques,
it offers inexpensive and highly parallel fabrication with large
diversity, complexity, and almost atomic resolution.3,4 A
number of pioneering techniques5−9 have been developed
that allow a computer-aided design and a simple fabrication of
DNA nanostructures of many different shapes. Among others,
the scaffold-based DNA origami technique9,10 is markedly
attractive due to its high yield in assembling large molecular
weight structures. Because of available unique binding
sequences, functional elements, such as proteins,11 fluores-
cent12 and Raman-active13,14 molecules, semiconducting
polymers,15 and metallic nanoparticles,16,17 can be bound
and arranged at DNA origami structures. This allowed the
synthesis of novel nanomaterials for applications in nano-
electronics,18 nanophotonics,19,20 nanomedicine,21,22 and
biology.23
While the DNA-aided placement of separated functional
groups and nanomaterials has become routine, an analogous
DNA templated deposition of continuous layers particularly of
inorganic materials remains challenging. By employing metal
seeds as nucleation sites for electroless deposition, elongated
metal assemblies from silver,24 platinum,25 palladium,26
copper,27 and cobalt28 have been fabricated on linear DNA
molecules29−31 as well as rigid DNA nanostructures.32−36 To
overcome problems with discontinueties31 or inhomogeneitis26
of the deposited metal films in earlier works, recent promising
approaches employed elongated nanoparticles to reduce the
number of seeds37 as well as DNA-based molds.18,38,39 For the
latter, a DNA origami-based mold that harbors an internal
nucleation seed confines and guides the metal growth enabling
the fabrication of metallic cuboids of different dimensions and
shapes as well as micrometer-sized metallic wires.
So far, the material deposition has been concentrating on
single DNA (origami) nanostructures33,37−41 as well as
structures of uncontrolled length.18 However, to enable
applications in nanoelectronics and nano-optics, DNA-
templated nanostructures have to become larger as well as
more complex regarding their shapes and material composi-
tion. This mandates a programmable assembly of individual
DNA templates into well-defined and fully addressable higher-
order structures. Such structures, including DNA filaments,42
twisted DNA structures,43,44 three-dimensional (3D) poly-
hedrons45 as well as 2D46,47 and 3D48 crystalline DNA origami
structures could be fabricated using sticky DNA ends between
the individual DNA units. Considerably higher efficiencies
were obtained using the base-stacking interactions between
blunt DNA ends allowing the assembly of linear49 as well as
complex three-dimensional origami structures up to gigadalton
molecular masses.50 In these approaches, higher-order
structures were typically assembled using periodic patterns of
interfaces such that the final size of the assembly was either
random or controlled by self-limiting hierarchical oligomeriza-
tion. Higher-order assembly that allows free addressability of
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each single monomer has been more difficult.51 Recently up to
16 individual monomers could be assembled albeit reaching
yields of 2−4%.52
Here, we report a fully addressable metal deposition on
controlled higher-order DNA origami assemblies comprising
up to nine individual mold elements. The fabrication scheme is
based on a modular platform. Individual elements share the
same (mold-) core but are guided to their position in the final
linear superstructure via specific interfaces. Key for this method
was the assembly of the origami superstructures at a high yield.
To this end, affinity and specificity of four different mold−
mold interfaces were carefully tuned and optimized. Sub-
sequent metal deposition inside the seed-preloaded DNA
templates allowed us to obtain linear metal structures with
controllable lengths. To demonstrate the addressability and
site-selectivity of the origami superstructure, particular origami
elements were either equipped or not equipped with
metallization seeds. This allowed us to obtain programmable
metal patterns within the mold-based system. Overall, the
presented method provides a promising route to assemble
much more complex inorganic nanostructures with potential
applications in nanoelectronics and plasmonics.
To design four orthogonal high-yield interfaces for origami
docking, we base our approach on the previously established
mold-based metallization scheme.18 A mold monomer is a
40 nm long DNA tube with quadratic cross-section (see Figure
1a) consisting of 64 helices. It is asymmetric with respect to its
ends, one further called the L-end (left end) and the other the
R-end (right end). When an L-end of one mold binds to an R-
end of another mold, all 64 DNA-helix ends of one mold can
stack without a gap onto the helix ends of the other mold. We
therefore used an L-to-R docking to design specific mold−
mold interactions. We previously observed that specific L-to-R
docking (i.e., without formation of unspecific L-to-L or R-to-R
self-dimers) requires that only a subset of the helix ends
interact attractively with each other with the remaining helix
ends interacting repulsively.18
To assemble addressable mold superstructures, we designed
four different orthogonal interfaces A, B, C and D, for mold
docking each carrying 40 repulsive helix ends and 24 attractive
helix ends (Figure 1b, Figures 10−13). The repulsive helix
ends carried 6 nucleotide (nt) single-stranded DNA (ssDNA)
overhangs. The A and B interfaces shared a particular pattern
of attractive helices while the C and D interfaces shared a
different pattern of attractive helices (Figure 1b). The two
different patterns were fully orthogonal, that is, attractive helix
ends of the A/B and the C/D patterns did not overlap when
correctly docked. For the A and C interfaces, the staples at
helix ends (further called end staples) were extended by few nt
at their 5′-ends with respect to the terminal scaffold crossing
Figure 1. Construction scheme for DNA mold superstructures based on four orthogonal interfaces. (a) Design scheme of a hollow pentameric
mold superstructure based on the specific interfaces A, B, C and D (see three-dimensional model at the bottom). DNA ends at the interfaces are
either attractive (yellow in cartoons at the top) or repulsive (blue in cartoons at the top). The 5′-staple and 3′ staple ends are marked with squares
and triangles, respectively. Attractive ends contain either protruding 5′-staple ends or correspondingly recessed 3′-staple ends (A and C interfaces)
or protruding 3′-staple ends and recessed 5′-staple ends (B and D interfaces). Repulsive ends contain overhangs on both staple ends. A mold R-end
of a particular interface shall only interact with a mold L-end of the same interface such that monomers with different interface combinations at
their L- and R-ends can be assembled into a defined higher-order structure. (b) View onto the end of mold monomers with A or B (left) and C or
D (right) interface. Attractive helix ends are colored in yellow, repulsive helix ends in blue. Both patterns have 24 attractive and 40 repulsive helix
ends. (c) Fraction of mold monomers and dimers in solution as a function of the overhang length at attractive helix ends. Dimer formation was
tested between two molds carrying either an L-end or an R-end of the C-interface (Figure S1). (d) Dimerization yield for all possible combinations
of interface L-ends with interface R-ends (Figure S2). The overhang lengths were 3 nt throughout.
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and correspondingly recessed at their 3′- ends. The sequence
of the overhangs was chosen to allow hybridization with the
scaffold of the docked structure (Figures S10−13). In contrast,
the end staples of the B and D interfaces were recessed at their
5′-ends and extended at their 3′-ends (Figure 1a). Each
interface carried thus a unique combination of overhang type
and pattern of attractive helices, such that a mold L-end of a
given interface should only interact with a mold R-end of the
same interface. The establishment of four different interfaces
should then allow the controlled formation of a linear mold
pentamer in which each monomer would be individually
addressable.
We first tested which overhang length of an attractive helix
end was sufficient to support efficient mold docking. To this
end, we prepared different versions of two interacting molds
with either a CL or a CR end in which the end staples had 0 nt,
1 nt, 2 nt, 3 nt, or 4 nt 5′-overhangs and correspondingly
recessed 3′-ends. The other end of the molds was made fully
repulsive, such that only dimers could form. After mixing the
monomer versions, mold dimerization started to appear at an
overhang length of 2 nt and saturated at overhang lengths of
3−4 nt (Figure 1c, Figure S1). Because of the rather high
efficiency of mold dimerization and to avoid unspecific binding
for longer overhangs based on the study of DNA origami
dimerization,51 we therefore chose 3 nt as overhang length for
all further interface designs.
We next evaluated whether the designed interfaces were
specific. Therefore, we assembled eight different mold
monomers with one repulsive end and one L- or R-end of
one of the interfaces. We then prepared pairwise mixtures of
the different mold versions to test dimerization. Particularly we
tested all 16 combinations to combine an L- and an R-ends.
Any dimerization was absent for pairs of monomers from
different interfaces, demonstrating the high specificity of the
designed interfaces (Figure 1d, Figure S2). Only L and R
monomers of the same interface interacted with dimerization
yields of 100%, 90%, 79% and 86% for the A, B, C and D
interfaces, respectively (Figure 1d, Figure S2). The dimeriza-
tion yield of each interface is either higher or at the similar
level with the reported 86% dimerization yield51 within the
optimized condition. Dimer formation was in this case tested
near the stoichiometric optimum (see Figure S3).
For controlled assembly of a mold pentamer, we next tested
whether the four interfaces can be employed for assembling
mold superstructures with a controlled number of mold
monomers, i.e., of a controlled length. For that, five monomers
using the interface combinations depicted in Figure 1a were
assembled and purified. We then formed mold dimer, trimer,
tetramer, and pentamer structures by mixing a subset (the left-
most molds depicted in Figure 1a) or all the five monomers at
equal stoichiometry in a buffer supplemented with 350 mM
NaCl. Gel electrophoreses confirmed the stepwise length
increase of the resulting structures (Figure 2a), i.e., dimer
formation upon mixing the (left-most) two monomers, trimer
formation when mixing three monomers, and so forth.
Quantification of the gel electrophoreses images allowed to
estimate the formation yields of the designed structures, which
agreed within error the expected yields calculated from the
dimerization efficiencies for each interface (Figure 2a, bottom).
The yield of formation of the pentamer reached 74%, which is
higher than the typical yields obtained for origami tetramers
being in the range of 40−50%.52 Thus, the four orthogonal
interfaces allow a highly efficient superstructure assembly.
Scanning electron microscope in transmission mode (tSEM)
imaging additionally confirmed the correct and efficient
formation of the different multimers (Figure 2b-e).
To allow metal deposition inside the cavities of the mold
superstructures, mold monomers containing two seed binding
Figure 2. Formation of length-controlled mold and gold structures. (a) Formation of mold multimers analyzed by gel electrophoreses (top).
Numbers at the lanes refer to the number of monomers in the desired superstructure. S indicates the scaffold lane. Quantification of the
corresponding band intensities allowed to determine the yields of the desired multimer structures (orange bars in the bottom graph). The expected
values calculated from the dimerization efficiencies of the individual interfaces are shown as black circles. (b−e) tSEM images of the formed mold
superstructures in absence of seeds (top), loaded with seeds (center) and after metallization (bottom). The 3D schemes of the intended mold
structures are shown above the tSEM images with letters indicating the employed interfaces. The scale bars correspond to 20 nm in all images.
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sites were preloaded with 5 nm AuNP seeds prior to the
assembly of the mold superstructure. This allowed one to
obtain mold structures with high seed decoration yields (95%
± 2%) (Figure 2b−e). For gold deposition on the seeds an
optimized procedure compared to previous work18 was
employed to minimize the presence of occasional gaps between
the individually growing gold grains. A gold plating solution
containing 225 μM H[AuCl4] and 1350 μM NH2OH was
supplemented with 50 mM NaCl (see Methods), which was
found to improve the continuity of the deposited metal. tSEM
imaging confirmed the successful metal deposition inside the
mold structures. The continuity of the structures was
dependent on the amount of gold precursor employed in the
reaction. When using 2 nM of seeds and 450 μM of H[AuCl4]
the gold grains remained largely individual (Figure S4a).
Increasing the gold precursor concentration to 675 μM
provided the formation of continuous rodlike gold structures
whose length increased with the length of the mold
superstructure (Figure 2b−e, bottom). Inside of the molds
the width of the structures was confined by the DNA walls as
demonstrated by the rather small variation in diameter. At the
open mold ends, unconstrained metal growth partially
occurred, such that dumbbell-like metal structures formed
(Figure 2b−e, bottom). The unprotected metal at the mold
ends led to some aggregation during deposition on the imaging
grids (Figure S4c). The average lengths of the confined regions
of the rod structures were 80 ± 5.4 nm for the mold dimer (N
= 70), 118.5 ± 10.7 nm for the trimer (N = 60), 161 ± 15 nm
for the tetramer (N = 70), and 197.3 ± 14 nm for the
pentamer (N = 50). This agrees with the length of the
designed mold superstructure considering a length of 40 nm
per mold monomer. These results show that mold super-
structures can be formed in a modular manner at high yield
and used to fabricate gold-rod structures of controlled length.
To further explore the modular assembly concept for the
assembly of octameric and nonameric mold superstructures,
we tested the assembly of even larger mold superstructures of
defined length. In a first step, we formed mold dimers or mold
trimers from corresponding monomers using the high-affinity
interfaces A or A and B, respectively (Figure 3a,e) at almost
100% yield. These structures were then used as building blocks
in a second step without any further purification and
assembled into superstructures using the remaining interfaces.
This way, up to four mold dimers can in principle be
Figure 3. Formation of length-controlled mold octamers and nonamers using just four interfaces. The schemes in the subfigures indicate the
employed interfaces for the particular structure. tSEM images reveal the correct structure formation. (a) Mold-dimer structure based on interface A
that was used in a subsequent step as building block for dimer multimers. (b−d) Assembly of dimers, trimers, and tetramers of the dimer
intermediate using the B, C, and D interfaces. (e) Mold-trimer structure based on interfaces A and B used to assembly trimer multimers. (f,g)
Assembly of dimers and trimers of the trimer intermediate using the C and D interfaces. (h) Assembly yields (orange bars) of the intended
structure for the different dimer multimers (left) and trimer multimers (right) (gel electrophoreses, see Figure S5). The expected values calculated
from the dimerization efficiencies of the individual interfaces (Figure 1d) are shown as black circles. The scale bars in all tSEM images are 50 nm.
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specifically connected by the interfaces B, C, D (see scheme in
Figure 3d) and up to three mold trimers can be specifically
connected by the interfaces C and D (see scheme in Figure
3h). The high yield and the stability of the preformed dimers
and trimers are crucial for the realization of such super-
structure assemblies. To test this concept, we formed
multimers of increasing length of mold dimers (Figure 3b−
d) as well as of mold trimers (Figure 3f−h). tSEM microscopy
demonstrated the successful assembly of these structures.
Inspecting the assembly using gel electrophoreses (Figure S5)
provided high yields for such large origami superstructures of
46% for the mold octamer and 41.3% for the mold nonamer, in
agreement with the dimerization yields of the single interfaces
(Figure 3h). Furthermore, it showed only products corre-
sponding to multimers of dimers or trimers and no larger
structures than designed confirming the high purity and
stability of the intermediate building blocks. We note that a
particular dimer or trimer of such a structure remains uniquely
addressable due to its interfaces. Since each mold monomer
within such a dimer or trimer assemblies is also uniquely
addressable, a single mold will therefore even be uniquely
addressable in the final superstructure.
So far, we judged the success of the modular superstructure
assembly using the length of the formed structures. As stated
earlier, each mold in the assembly should be uniquely
addressable. To verify this more stringently, we tested whether
we can achieve a site-specific metallization within the produced
mold superstructures. To this end, we loaded only a subset of
the molds of a superstructure with seeds prior to the final
assembly. Each addressed, that is, preloaded, mold should
according to the design contain two seeds, while each
nonaddressed, that is, not preloaded, mold should not contain
any seeds. By choosing different subsets of molds, we
fabricated two trimer, two tetramer, and two pentamer
versions according to the design scheme of Figure 2 that
should exhibit different “digital” patterns of seed loading
(Figure 4a−f). tSEM imaging verified the correct formation of
seed patterns with high yield. Nonsymmetric arrangements of
addressed mold elements further confirmed the full address-
ability of each individual mold (Figure 4f). The molds with the
site-selectively loaded seeds were used in a subsequent
metallization step to produce corresponding metallization
patterns (Figure 4a−f, bottom row, Figures S6−8 for
overview). This demonstrated that the modular mold super-
structure assembly can indeed be applied to achieve site-
specific/site-selective metallization of DNA templates. This did
not require any alteration of the design of the DNA structures
but just a simple selection of mold elements for preloading.
To provide a proof of principle that the assembled structures
can be arranged into much larger, higher-order structures,
while still maintaining their local pattern, we used the
established four interfaces to generate linear periodic metal
patterns with tunable periodicity. To achieve assembly of
periodic chains with tunable metallization pattern, the ends of
defined mold multimers were not made repulsive but rather an
attractive interface was introduced to support binding of
another multimer and thus chain formation. Using a total of
two, three, and four interfaces should therefore allow one to
achieve a periodicity of two, three, and four mold monomers
(Figure 5a−c). Preloading of only a subset of the different
Figure 4. Site-specific metal deposition inside trimeric, tetrameric, and pentameric mold superstructures. Schemes on top of the subfigures depict
the intended lengths and sites of selective metal deposition. tSEM images reveal the obtained patterns of seeds (middle) and of metal growth within
each structure. (a,b) Mold trimers with either a central or two terminal gold blocks. (c,d) Mold tetramers with either two separate or two
connected central gold blocks. (e,f) Mold pentamer with two disconnected or three asymmetrically placed gold blocks. The scale bars in all tSEM
images are 20 nm. Figures S6−8 for overview.
Figure 5. Schematics and tSEM images demonstrating the formation
of pattern in the length frame of chain. (a) Alternating chain pattern
with one empty and one gold block by using two interfaces. (b) Chain
pattern with two empties and one gold block by using three interfaces.
(c) Chain pattern with three empties and one gold blocks by using
four interfaces. The scale bars in all tSEM images are 100 nm.
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molds with seeds and subsequent metallization allows testing
the designed periodicity in the final structure. Using a single
seed-preloaded monomer we assembled mold chains with
periodicities of two, three, and four. The length of the obtained
chains was in the submicrometer to micrometer range. The
chains reproduced the designed periodicity typically over their
entire length (Figure 5a−c, Figure S9), demonstrating that
potentially large and complex structures self-assemble through
this modular approach.
In conclusion, we demonstrated the synthesis of metal
structures with programmable lengths and patterns using a
modular DNA-based mold platform. Key for this platform was
the establishment of four orthogonal high-affinity interfaces
between mold monomers that allowed the reliable fabrication
of higher-order mold superstructures. By preparing different
mold monomers with different terminal interfaces, the shape of
the final structure could be programmed. Optimization of the
interface affinities while preserving specificity allowed one to
obtain yields of 74%, 46%, and 41.3% for pentameric,
octameric, and nonameric mold assemblies, respectively. This
is substantially higher than previously obtained for the
assembly of addressable origami superstructures.52 The
modular concept uniquely allows an easy expansion to generate
even larger and more complex higher-order DNA template
structures and in turn inorganic nanostructures in a fully
programmable manner. Larger structures can be obtained by
designing further specific interfaces using different patterns of
attractive and repulsive helices and fine-tuned affinities. More
complex structures can be obtained by employing mold
elements with other shapes and functionalities, such as mold
elements with integrated walls, turns, junctions, different seeds
for the deposition of other materials, and so forth. In this case,
the combination of different structural or functional core
modules with a common set of shared interfaces will allow the
design and fabrication of nanostructures with very different
shapes and functions based on practically the same building
blocks. We envision that this is a promising concept to enable
the self-assembly of switchable electronic or optical devices or
even device networks.
Materials and Methods. Preparation of Seed-Loaded
DNA Mold Monomers. The DNA origami molds with different
interfaces on the L- and the R-side (Supporting Information,
Figures S10−13) were designed for an arrangement of parallel
helices on a square lattice53 using the software-tool
CaDNAno.54 The origami structures were assembled in
folding buffer (FB) containing 5 mM Tris-HCl, 1 mM
EDTA and 11 mM MgCl2 (pH 8.0) following a one-pot
assembly reaction protocol.18 Subsequently, the mold mono-
mers were purified using precipitation with polyethylene glycol
to remove excess staples.55 AuNPs (5 nm, Sigma-Aldrich) were
densely coated with 15 nt poly thymidine oligonucleotides
carrying a 5′-thiol modification using the method of salt
aging.38,56,57 The particle concentration was estimated from
the absorbance at 520 nm. DNA-functionalized gold nano-
particles were mixed with the purified DNA origami molds in
the presence of 350 mM NaCl at a molar ratio of 6:1 for two
seed binding sites. The mixture was slowly heated to 40 °C and
afterward cooled down to 23 °C over a duration of 5 h to allow
hybridization of the AuNPs with the complementary capture
strands on the mold. The seed-loaded monomers were purified
by precipitation with PEG to remove excess seeds.
Formation of Linear Mold Superstructures. Mold mono-
mers of a particular superstructure carrying corresponding end
staples to allow specific docking their L- or R-ends (see
Supporting Information, Figures S10−13 for the design details
of interfaces) were mixed at equal stoichiometry in FB
supplemented with 350 mM NaCl and incubated overnight.
For the assembly of mold octamer and nonamer structures,
eight and nine monomers were assembled separately. At first
different sets of mold dimers and trimers were preformed and
these different sets of dimers or trimers were then mixed and
incubated to yield the final structures. The prepared mold
structures were analyzed with gel-electrophoresis (0.8%
agarose gels, 0.5× TBE buffer, 11 mM MgCl2, separation at
3.5 V/cm, 18 min staining with 0.2% EtBr), and tSEM
imaging. For tSEM imaging, 5 μL of a 2−5 nM solution of
origami structures were placed onto glow-discharged carbon-
coated TEM grids for 5 min. The sample was subsequently
stained using a filtered 2% solution of uranyl formate in 5 mM
NaOH for 1−2 min, followed by 2 washing steps with 5 μL of
ultrapure water for 10 s. tSEM imaging was performed on a
Gemini SEM500 scanning electron microscope (Zeiss)
operated in transmission mode at 25 kV.
Seeded-Growth of Gold within Mold Superstructures. For
seed-mediated deposition of gold inside the mold super-
structures, their concentration was adjusted, such that the
solution contained a total of 1 nM mold monomers in folding
buffer supplemented with 50 mM NaCl. A 1350 μM solution
of the reducing agent hydroxyl amine (NH2OH) was added by
stirring the solution with a magnetic stirrer for 1 min, such that
the final hydroxyl amine concentration was in 6-fold molar
excess over the final concentration of gold precursor. The gold
deposition was initiated by injecting either 1.8 or 2.7 μL of
25 mM H[AuCl4] into 100 μL final volume of the NH2OH
containing mold solution and the self-terminating growth
reaction was allowed to proceed for 1 min.18 Only the larger
amount of precursor allowed to prepare structures that were
mostly continuous (see main text).
Analysis of Assembly Efficiencies. Assembly efficiencies of
higher-order mold structures were estimated by quantification
of the corresponding band intensities from agarose gel
electrophoresis. Band intensities were obtained by ChemiDoc
MP imaging system with Image Lab software. For background
subtraction, a hypothetical rolling disk (1−99 mm) was
applied. With a smaller disk, more background in the lane was
subtracted; with larger disk, less background was subtracted.58




The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.nano-
lett.9b00740.
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4. DNA Mold Templated Assembly of Conductive Gold Nan-
owires 
4.1 Introduction 
Based on the mold modular platform, different mold superstructures can be fabricated with con-
trolled length, pattern as well as geometries as shown in Chapter 3 and P4. A highly homogene-
ous metal deposition was obtained for this modular platform. However, for nanoelectronic appli-
cations, whether the assembled metal nanostructures exhibit metallic behaviour comparable with 
bulk material, is a key question that we need to address. 
Thus, the electronic behaviour of linear gold nanowires was investigated. Two different mold 
monomers with alternating interfaces were introduced to form periodic chain structures. With two 
gold nanoparticles decoration within each mold monomer, a micrometer long chain formation 
was achieved with high seed decoration affinity. By following similar metal deposition strategy 
as before, highly homogeneous gold nanowires that exceeded significantly the quality of previous 
reported gold nanowires were obtained. This could be attributed to the mold walls around all the 
evenly aligned gold nanoparticle seeds, which uniquely controlled the internal metal deposition. 
The gold nanowires were deposited on a silicon dioxide layer and site-specific electron beam 
lithography was performed to construct gold electrodes for two- or even four-terminal current-
voltage measurements. Conductance measurements were operated under different temperatures to 
reveal the charge transport mechanisms within the gold nanowires. Some of the measured wires 
were indeed metallically conductive comparable with bulk material, whereas other exhibited 
large resistance values. 
This chapter depicts a further step towards nanoelectronic devices made from DNA templates. 
The metallic conductive nanowires fulfil one important requirement for future applications. 
Based on this, more complex structures containing different materials were fabricated in Chapter 
5. Following, achieving high yield of conductive wires within this scheme would increase the 
homogeneity and avoid granular boundaries produced during this process. Such improvements 
were implemented in manuscript P5.  
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ABSTRACT: We introduce a new concept for the solution-based fabrication of
conductive gold nanowires using DNA templates. To this end, we employ DNA
nanomolds, inside which electroless gold deposition is initiated by site-specific
attached seeds. Using programmable interfaces, individual molds self-assemble into
micrometer-long mold superstructures. During subsequent internal gold deposition,
the mold walls constrain the metal growth, such that highly homogeneous nanowires
with 20−30 nm diameters are obtained. Wire contacting using electron-beam
lithography and electrical conductance characterization at temperatures between 4.2
K and room temperature demonstrate that metallic conducting wires were produced, although for part of the wires, the
conductance is limited by boundaries between gold grains. Using different mold designs, our synthesis scheme will, in the future,
allow the fabrication of complex metal structures with programmable shapes.
KEYWORDS: Metal nanowires, seeded growth, DNA metallization, DNA nanostructures, DNA template, nanoelectronics
The past decade has seen a boost in the field of DNAnanotechnology. A number of pioneering techniques1−6
were developed that allow the self-assembly of large two- and
three-dimensional DNA structures with complex shapes. The
basis of these techniques are specific interactions between
complementary DNA strands. By appropriate sequence design
of the involved DNA molecules, a desired structure can thus be
obtained in a fully programmable, sequence-encoded manner.
The beauty, the complexity1−6 and the increased rigidity7 of the
down-to-the-atomic-level defined objects instantaneously mo-
tivated the usage of DNA nanostructures to assemble non-
DNA materials in defined patterns. Examples include the
arrangements of proteins,8 chemical9 and photoactive
groups,10,11 the assembly of metal nanoparticles into plasmonic
nanostructures,12−14 and the sculpting of lipid membranes.15,16
DNA nanotechnology is particularly successful in generating
soft nanostructures. However, many applications in “hard-
matter nanotechnology”, particularly in nano-optics and
nanoelectronics, require structures made from inorganic, e.g.,
metallic and semiconducting, rather than biological materials.
In particular, the low electrical conductance found in contacts
to single DNA duplexes is detrimental for applications in
nanoelectronics.17 Therefore, it would be highly desirable if one
could “replace” the DNA structure atom by atom site-
specifically with a material of choice to enable a programmable
synthesis of inorganic nanostructures. Though a direct
replacement will be practically impossible, the outlined idea
inspired the usage of DNA as a template for inorganic material
growth. Hereby, the biomolecule would donate its shape to the
growing material film. In first approaches, linear DNA
molecules were metallized by so-called electroless deposition,
in which metal seeds are first deposited on the molecule that
are subsequently grown to more-continuous structures. This
way, elongated metal particle assemblies could be fabri-
cated.18−20 Later, this concept could be extended to many
different materials, including gold, silver, platinum, palladium,
copper, and cobalt.21 With the advances in DNA nano-
technology, rigid DNA template structures with more-complex
shapes became available enabling the growth of elongated
wires,22 metal rings,23 junctions,24 and spheres25 as well as
structures consisting of two types of metals.26 The deposited
metal films were, however, not homogeneous and typically
contained many distinct grains. This made the resulting
structures either discontinuous20 or inhomogeneous,27 depend-
ing on the amount of deposited material.
Nonetheless, wires produced this way were often found to
conduct electric current when contacted either by electron-
beam-lithography-fabricated electrodes19,28−32 or by conductive
AFM tips.33,34 Reported resistance values spanned several
orders of magnitude. Typically, the observed resistivities were
significantly larger than expected for the respective metal
forming the wire, indicating that grain boundaries can act as
significant barriers. This was supported by recent temperature-
dependent (4.2 to 293 K) conductance measurements on
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DNA-origami-based Au nanowires from our laboratory showing
that tunneling, thermionic, and hopping conduction mecha-
nisms govern the conductance at low, intermediate, and high
temperatures, respectively.22 In addition, a recent study of 500
nm nanopillars, realized as a multilayer heterostructure of DNA
origami tiles and Au nanoparticles, suggested a tunneling or
hopping conduction mechanism at room temperature.28 To
limit the number of grain boundaries, recently elongated Au
nanorods were deposited in an aligned manner on DNA
origami templates and connected using limited electroless Au-
plating.35 This provided resistance values for wires of 12 to 30
nm widths in the range of 440 Ω to 37 MΩ with resistivities
close to bulk gold for the wires with the highest conductances.
This further supports the idea that grain boundaries due to
inhomogeneous growth conditions appear to be one of the
challenges in DNA-templated fabrication of metallic wires.
A key problem for the traditional external deposition on
DNA templates is the lack of size control for the particles that
grow at the different positions along the DNA chain. This
makes the methodology prone to inhomogeneities. Inspired by
internal metal deposition schemes inside protein shells,36,37 we
and others recently developed a DNA mold-based nanoparticle
fabrication scheme.38,39 Here, the metal deposition occurs on a
nucleation seed inside the cavity of a DNA origami mold, such
that the mold wall influences the shape of the resulting particle.
This way, it was possible to synthesize gold and silver cuboids
of different dimensions and shapes.
Here, we extend the mold-based nanostructure fabrication
scheme by coupling mold monomers into large linear mold
superstructures (Figure 1). This enables the growth of highly
homogeneous, micrometer-long nanowires with ∼30 nm width
that in part exhibit metallic conductance. To this end, we
assembled DNA molds using the DNA origami method1,2 from
an 8064 nucleotide long single-stranded DNA scaffold and
corresponding DNA staple oligomers (see the Methods
section). The mold monomers had a 40 nm long tube-like
shape with a quadratic cross-section.39 Each side wall of the
mold was composed of two layers of 10 parallel DNA helices of
equal length (Figure 1) providing a total of 64 helices for the
whole mold structure. Fabricated mold monomers were
preloaded with 5 nm DNA-functionalized gold nanopar-
ticles40,41 serving as seeds for the subsequent gold growth.
They were attached within the molds via four complementary
DNA capture strands extruding from the four cavity faces at the
given binding position (Figure 1a).39
To allow the formation of long linear mold superstructures
via sequential docking of mold monomers, we extended or
shortened the staples at the DNA helix ends (further called end
staples) by two nucleotides, such that the 2-nt extensions of
one mold could invade into the other mold and hybridize with
its scaffold (Figure 1a,b).
The mold geometry with helices of identical length is
asymmetric with respect to its ends. If we call one mold end the
head and the other end the tail side, then a particular DNA
helix that is recessed at the head side is extended at the tail side
(and vice versa), which results in a symmetry break. Thus,
when mold ends bind in a head-to-tail fashion, docking can be
obtained at all 64 helix ends, leaving no gap at the interface.
However, for head-to-head or tail-to-tail binding, a significantly
lower number of docking helices is obtained (44 or 36,
respectively). To obtain “neat-less”, i.e., gap-free, mold
superstructures we therefore designed end staples to support
head-to-tail binding. We prepared two different types of
interfaces: interface A−A′, for which end staples were extended
by 2 nt at the 5′-ends and correspondingly recessed at the 3′-
ends, as well as interface B−B′ with recessed 5′-ends and
extended 3′-ends (Figure 1a). Here, A and B denote the head
side of the mold and A′ and B′ the complementary side on a
mold tail side, respectively.
For the assembly of linear mold chains a single interface, e.g.,
monomers with A−A′ ends would suffice. In this case mold
chains would already form during origami hybridization, which
would, however, inhibit the loading of the molds with gold
seeds at internal sites. We therefore designed two different
mold monomers: one with AB′ ends and the other with BA′
ends. While each mold type would be monomeric alone, their
mixing should result in the desired chain formation (Figures 1
and 2).
Following the outlined approach, we assembled AB′ and BA′
molds, loaded them with gold nanoparticle seeds, and subjected
them to TEM imaging (Figures 2a and S1). In contrast to our
expectations, both monomers alone formed extended linear,
partially staggered, chains, which, in turn, led to poor
decoration with seeds. We hypothesized that, due to the large
number of “attractive” ends (all 64 helix ends contained 2 nt
recessions and extensions), mold monomers could bind to
themselves, forming nondesired head-to-head and tail-to-tail
interactions. Apparently, the presence of mismatches between
staple extension and scaffold did not lower the affinity between
single helix ends sufficiently to prevent unspecific binding.
To suppress unspecific interactions, the number of attractive
helix ends was reduced by omitting end staples at some of the
helix ends, which are in the following called nonattractive ends.
Figure 1. Scheme illustrating the mold-based gold nanowire. (a)
Design scheme of the mold bricks with specifically interacting ends
containing an internally attached 5 nm gold seed (see the inset in the
upper right corner). Adhesion of mold ends is obtained by either
protruding 5′-staple ends together with correspondingly recessed 3′-
staple ends at the mold ends (A−A′ interface; see the sketches in the
top row) or protruding 3′-staple ends together with recessed 5′-staple
ends (B−B′ interface). (b) Self-assembly of a long mold superstructure
using two mold types, each carrying an A or a B interface, being
complementary to the A′ or the B′ interface of the other mold type,
respectively. (c) Gold nanowire formation by metal deposition at the
seeds inside the mold chain.
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Here, the scaffold forms a dangling loop. For 16 to 24 attractive
ends with the remaining ends being nonattractive, considerable
unspecific interactions between mold monomers were observed
nonetheless (Figures 2b and S1). To further reduce unspecific
binding, repulsive interactions between helix ends were
incorporated. To this end, the previously nonattractive ends
were made repulsive by extending the end staples at these
positions by 6 nt for both 5′ and 3′ ends (see the sketch in
Figure 2c). The steric clash between these dangling ends should
introduce an energetic penalty compared to the nonattractive
end configuration. In agreement with this expectation, TEM
imaging revealed the monomeric nature of molds containing up
to 24 attractive helix ends (Figures 2c and S1). These
monomers exhibited a high seed decoration efficiency because
gold nanoparticles could freely enter the mold ends.
We next tested whether the optimized molds with attractive
and repulsive ends could form specific interactions by mixing
seed decorated AB′ and BA′ monomers. While molds with 16
and 20 attractive helix ends remained mostly monomeric
(Figure S1), molds with 24 attractive ends supported the
formation of linear oligomeric mold assemblies already after 10
min of incubation (Figure 2d). To prepare long mold chains for
subsequent metallization, we carried out the following
optimizations: (i) addition of 2 seeds per mold monomer to
avoid interruption of gold wire in case of missing seeds, (ii)
chain formation overnight to obtain long assemblies, and (iii)
polyethylene glycol (PEG) precipitation42 after chain formation
to remove unbound gold seeds. All together, these
optimizations yielded μm-long linear mold chains containing
evenly 20 nm spaced gold seeds with 96 ± 2% decoration
efficiency (Figure 2e).
To fabricate gold nanowires, the linear mold superstructures
were used in a previously established seeded growth
procedure.39 Mold chains were premixed with the reducing
agent hydroxylamine. Subsequently, a solution of the gold
precursor H[AuCl4] was quickly injected into the rapidly stirred
solution. The reaction self-terminated due to the consumption
of H[AuCl4] after ∼1 min as judged from color changes of the
solution. TEM and SEM imaging revealed a homogeneous gold
deposition at all seeds (Figure 3). The lengths of the grown
structures were in the micrometer range (Figure S2). At low
amounts of precursor, the grown gold particles still remained
well-separated (Figure 3a), while at larger amounts of
precursor, the grown particles appeared more and more
connected to each other (Figures 3b,c and S3). At the largest
precursor concentration the particles formed quasi-continuous
μm-long wires that were occasionally interrupted by smaller
gaps (Figures 3c,d, and S4). These structures were stable in
solution for several days. Only at larger precursor concen-
trations did aggregation occur. We note that the highly
homogeneous particle growth and the stability of the wires
was only achieved when the seed-loaded mold chains were
subjected to the PEG precipitation before metallization. This
was most likely due to residual PEG traces because PEG is also
used as a surfactant in nanoparticle synthesis.43 The resulting
nanowires (Figure 3d) had diameters of 32 ± 3 nm. Despite
occasional gaps, these wires were of excellent homogeneity
compared with other DNA-templated metal structures. Thus,
the mold-assisted growth of metal nanoparticles can be
successfully transferred to large mold superstructures.
To reveal which role residual gaps are playing and whether
the wires can exhibit metal-like conductance, we investigated
Figure 2. Fine-tuning the specificity of adhesive mold ends. (a−c) Type of staple ends used and their positions on the 3D model (upper row) as well
as corresponding TEM images of the AB′ and BA′ mold monomers. Tested were (a) attractive ends only (in yellow), (b) attractive ends together
with nonattractive ends (in gray, obtained by omitting ends staples), and (c) attractive and repulsive ends (blue, obtained by 6 nt non-
complementary 5′-staple overhangs). (d) Mixing AB′ and BA′ mold monomers comprising attractive and repulsive end staples (as in panel c) results
in mold oligomer formation. (e) By using optimized multimerization conditions, long linear mold chains are obtained. Preloading of the monomers
with two seeds at high decoration efficiency results in a homogeneous loading of seeds inside the mold superstructure (see the inset). The scale bars
correspond to 50 nm.
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the electrical transport properties of several fabricated nano-
wires with 110 to 1000 nm in length. The electrical contacting
of individual DNA origami mold-based gold nanowires was
performed in three steps. (i) Using electron beam lithography,
45 contact areas (in three parallel arrays) were patterned on top
of SiO2 substrates containing the adsorbed gold nanowires.
Each contact area had a total of 4 90 μm × 90 μm Au contact
pads and 144 alignment marks arranged in a square lattice with
an 8 μm distance between neighboring marks (Figure 4a). (ii)
Using scanning electron microscopy, the coordinates of the
individual wires relative to the alignment marks were recorded
(Figure 4b). (iii) The recorded locations of the nanowires were
used to obtain corresponding electron-beam exposure positions
to place electrical contacts on the nanowires. This procedure
allowed to write four electrodes, even on a 600 nm long
nanowire (Figure 4c). Overall, the wires adhered well to the
substrate, such that they retained their shape during the
lithography and the solvent-based ultrasonic lift-off process, as
confirmed by SEM imaging.
Two-terminal current−voltage (I−V) measurements were
performed on 22 individual wires. The measured resistance
values at room temperature (RT, i.e., 293 K) including the
contact resistance between EBL-patterned gold electrodes and
nanowires were between 90 Ω and 30 GΩ without showing a
clear length dependence (Figure 5).
The limited resolution of SEM imaging on the SiO2
substrates did not allow to correlate the measured resistance
with the wire morphology (Figure S5). Therefore, to
understand the large variation in resistance values, we measured
the temperature dependence of the charge transport of two
highly conductive nanowires (labeled CW-1 and CW-2 with
RT resistances of 90 ± 5 Ω and 460 ± 10 Ω) as well as two
highly resistive nanowires (labeled RW-1 and RW-2 with RT
resistances of 190 ± 5 kΩ and 690 ± 5 MΩ). The inset of
Figure 6a depicts a nanowire with a length of 800 nm, which
was contacted by four terminal gold contacts. SEM imaging
revealed 13−15 nm gaps between the contact points 2 and 3 as
well as 3 and 4 leading to insulating behavior in I−V
measurements (see Figure S6). A high conductance was
found for the wire segment between contacts 1 and 2 (CW-
1). The I−V characteristics of CW-1 (200 nm length and 40
nm width) was linear throughout the considered temperature
range between 4.2 K and RT (see Figures 6b and 7a). This
indicates an ohmic behavior of the nanowire itself as well as its
contacts. The resistance of the wire was weakly decreasing with
temperature from 90 Ω at 293 K to 50 Ω at 4.2 K, as expected
for a metallic wire. A qualitatively similar behavior was observed
for the 285 nm long nanowire CW-2 with a 30 nm average
width (see Figures 6b and 7b) for which resistances of 460 and
420 Ω at 293 and 4.2 K were measured, respectively.
Temperature-dependent I−V measurements on the more
resistive nanowires RW-1 (290 nm length and 36 nm width)
Figure 3. Gold nanowires obtained by gold deposition within the seed
decorated linear mold superstructures. TEM images of the obtained
structures for different relative amounts of gold precursor are shown:
(a) 1-fold, (b) 2-fold, and (c) 4-fold H[AuCl4]. (d) SEM image of a
gold nanowire on a SiO2 support grown with 4-fold H[AuCl4]. The
scale bars correspond to 50 nm.
Figure 4. Electrical contacting of mold-templated nanowires. (a) SEM images of one out of 45 contact areas comprising four contact pads. Contact
pads were fabricated on SiO2 substrates containing the adsorbed gold nanowires. In between the electrodes, 144 alignment markers arranged in a
square lattice defined 36 “writing” fields of 8 μm × 8 μm size. (b) Enlarged view into a single writing field (corresponding to the black square in
panel a) containing a 600 nm long gold nanowire. (c) The gold nanowire shown in panel b after contact writing. Each contact to the wire connects
to one of the four contact pads shown in panel a.
Figure 5. Resistance values as a function of length for the
characterized gold nanowires. Wires chosen for temperature-depend-
ent measurements are shown by a star-shaped symbol.
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and RW-2 (115 nm length and 39 nm width) revealed linear
behavior at RT (Figure 6d,e). However, at low temperatures
(50 to 4 K), the I−V curves became nonlinear in between −30
and +30 mV (Figure S7). Therefore, resistance values were
calculated from the slope of the linear part of the curves (−10
to 10 mV). The resistance was strongly temperature dependent
for both wires; it increased for RW-1 from 190 kΩ at RT to 14
MΩ at 10 K and for RW-2 from 700 MΩ at RT to 23 GΩ at 4
K. Thus, both wires did not show metallic conductance
behavior.
To better understand the nature of the charge transport in
these nanowires, we plotted the normalized natural logarithm
of the conductance ln[G/G(Tmax)] as a function of the
reciprocal temperature (T−1). The conductance of both CW-
1 and CW-2 increased mildly with decreasing temperature, as
discussed above (Figure 6c). Saturation of the conductance at
low temperatures (4.2 to 20 K) was observed in CW-1 and
CW-2. In contrast, the conductance of the resistive nanowires
RW-1 and RW-2 decreased strongly, initially in an exponential
fashion with the reciprocal temperature (Figure 6f). While RW-
1 exhibited an exponential decrease over the whole temperature
range, the conductance of RW-2 saturated for temperatures
below 30 K.
An exponential conductance decrease indicates a thermally
activated hopping mechanism for the charge transport, e.g., due
to low conductance barriers in between conductive wire
segments. Here, the conductance is governed by the activation
energy, Ea, necessary to overcome the barrier according to G ≈
exp(−Ea/kBT), where kB is the Boltzmann constant.
44−46
The activation energies of the wires were obtained from the
slope of the linear sections in the conductance yielding 5 ± 0.5
meV for RW-1 (temperature range from 10K to RT) and 45 ±
5 meV for the more-resistive wire RW-2 (temperature range
from 70 K to RT). While a hopping mechanism seems to
dominate the conduction of RW-1 at all temperatures, hopping
conductivity is observed for RW-2 only at high temperatures. At
low temperatures, between 4 and 30 K, the independence of
the conductance of RW-2 on the temperature suggests that
direct tunneling of electrons through an energy barrier is the
dominant mechanism in this regime. For temperatures in
between the tunneling and the hopping regime (30 to 70 K) a
thermionic conduction mechanism comes into play21 due to
decreases in the effective barrier height and the excitation of
more electrons.
In summary, we successfully demonstrated the fabrication of
highly homogeneous and conductive nanowires using DNA
molds. An important step was herein the fine-tuning of the
specificity of the mold−mold interactions using attractive and
repulsive ssDNA overhangs. In only this way did molds of a
given type stay monomeric and could thus be efficiently loaded
with gold nanoparticle seeds. Mixing two mold types with
likewise attractive interfaces resulted in the formation of linear
mold superstructures being hundreds of nanometers long and
comprising dozens of monomers. The subsequent gold
deposition at the seeds produced nanowire structures that
consisted of nearly perfectly aligned gold nanoparticles of
homogeneous size. This demonstrates that the mold-assisted
growth of metal nanoparticles can be applied to large
superstructures. Our approach represents thus a new way to
DNA-templated nanostructure fabrication.
At elevated amounts of deposited gold, the grown nano-
particles became connected to each other, such that the
resulting structures became quasi-continuous. To verify
whether actual gold−gold contacts between the particles had
been established, we employed temperature-dependent con-
ductance measurements enabled by high-precision contacting
of the wires using electron beam lithography. These character-
izations provided diverging results. A small part of the wires
exhibited high metal-like conductivity, verifying that metallic
gold−gold contacts could be successfully formed over 20 to 30
contiguous particle boundaries (being spaced by 20 nm). This
is remarkable because only very recently were high con-
ductivities of DNA templated gold structures achieved using
long gold nanorods with much fewer interfaces and a surface-
based metallization procedure.35
Figure 6. I−V characteristics of the different nanowires measured at the temperatures of 4.2 and 293 K. SEM inset images show the nanowires after
contacting (scale bars are 200 nm). (a,b) I−V curves for the highly conductive wires CW-1 and CW-2 obtained by sourcing the current and
measuring the voltage drop across the wire. Resistance values shown next to the curves were obtained from linear fits (solid lines). (c) Normalized
natural logarithm of the conductance values as a function of T−1 for CW-1 and CW-2. (d,e) I−V curves for the resistive wires RW-1 and RW-2
obtained by applying a voltage bias and measuring the resulting current. (f) Normalized natural logarithm of the conductance values as a function of
T−1 for RW-1 and RW-2 (filled circles). Exponential fits to the data in a selected temperature range are shown as solid lines.
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Establishing metallic contacts at the particle−particle
interfaces still remains a critical factor because many of the
tested wires exhibited significantly reduced conductance values.
Comprehensive temperature-dependent characterization of two
more resistive wires revealed that the charge transport was
dominated by a single effective energy barrier reflected by the
single exponential decrease of the conductivity with reciprocal
temperature. This suggests that the charge transport was
dominated by a single nonmetallic interparticle interface that
needed to be overcome by hopping at higher temperatures. The
width of such nonmetallic gaps was presumably in the low
nanometer range supported by the observation of tunneling
dominating the charge transport at low temperatures for one of
the tested wires.
Future work will focus on improving the perfection of the
obtained wires by increasing the yield for establishing metallic
interparticle contacts. Nonetheless, our results represent a
considerable advancement in DNA-templated fabrication of
electronic devices regarding the homogeneity and the
potentially high conductivity of the obtained structures. Beyond
that our approach, based on large DNA mold superstructures,
opens a versatile route for self-assembly-based device
fabrication. Using molds with different geometries (e.g.,
different diameters, additional docking sites, and junctions)
and specific interfaces as well as different materials should
enable the fabrication of whole devices including gate
electrodes and even device networks.
Methods. DNA-Origami Design, Assembly, and Analysis.
The DNA origami molds (Figures S8 and S9) were designed
using CaDNAno47 and comprised of parallel helices arranged in
a square lattice.48 Reverse-phase cartridge purified oligonucleo-
tides for the DNA origami objects were purchased from
Eurofins MWG Operon. Single-stranded p8064 scaffold DNA
was purchased from Tilibit Nanosystems (Garching). The one-
pot assembly reaction was performed as follows: the 10 nM
scaffold p8064 was mixed in folding buffer containing 5 mM
Tris−HCl, 1 mM ethylenediaminetetraacetic acid, and 11 mM
MgCl2 (pH 8.0) with unpurified staple strands and capture
strands in a molar ratio of 1:10:1 (per individual sequence).
The reaction was heated to 80 °C for 5 min and cooled to 25
°C over 15 h using a nonlinear temperature ramp, with the
slowest temperature decrease occurring between 55 to 45 °C.
The folded objects were investigated with gel-electrophoresis
(1% agarose gel, 0.5× TBE, 11 mM MgCl2, and 3.5 V/cm).
Subsequently, the molds were purified using precipitation with
polyethylene glycol to remove excess staples.42 For TEM
imaging, 2−3 μL of a diluted origami sample solution (1−2
nM) was applied to glow-discharged carbon-coated grids. The
sample was subsequently stained using a filtered 2% solution of
uranyl formate in 5 mM NaOH for 2 min. TEM imaging was
performed in a Zeiss Libra 120 or a Phillips CM200 Ultra Twin
transmission electron microscope at 80 or 120 kV, respectively.
Decoration of DNA Molds with Gold Nanoparticle Seeds.
AuNPs (5 nm; Sigma-Aldrich) were densely coated with 15 nt
poly thymidine oligonucleotides carrying a 5′-thiol modification
as described before using the method of salt aging.39,40,49 The
particle concentration was estimated from the absorbance at
520 nm. DNA-functionalized gold nanoparticles were mixed
with the purified DNA origami molds in the presence of 300
mM NaCl at a molar ratio of 3:1 or 6:1 for molds with one or
two seed binding sites, respectively. The mixture was slowly
heated to 40 °C and afterward cooled down to 23 °C over a
duration of 5 h to allow hybridization of the AuNPs with the
complementary capture strands on the mold.
Formation of Linear-Mold Superstructures. A pair of types
of mold monomers (AB′ and BA′) were designed that only
allow specific head-to-tail binding to the other monomer type
(see Figures S8 and S9 for the design details of the mold ends).
After preloading with seeds, both monomers were mixed in a
1:1 molar ratio and incubated for up to 24 h followed by a
precipitation with PEG to remove excess seeds.
Seeded Growth of Gold within Mold Superstructures. The
concentration of the mold superstructures was adjusted with
folding buffer (see above), such that 1 nM mold monomers
were present in solution, and hydroxyl amine (NH2OH) was
added at a 6-fold molar access over the subsequently added
gold precursor. The gold growth was initiated by injecting 1×,
2×, or 4× of 0.9 μL of 25 mM H[AuCl4] into a 100 μL final
volume of the NH2OH-containing mold solution.
39 During
growth, the solution was vigorously stirred, and after 1 min, the
grown wires were deposited on TEM grids or SiO2 substrates.
Deposition of the Gold Nanowires on Wafer
Substrates. Grown gold nanowires were deposited on p-
doped Si/SiO2 (300 nm oxide layer) wafer substrates diced into
1 cm × 1 cm squares. The surface was treated with an O2
plasma (PICO, Diener Electronic-Plasma Surface Technology)
at 7 sccm O2 and a power of 240W for 3 min to make the
hydrophobic surface more hydrophilic (see Figure S10). The
sample was rinsed with ethanol (20 s) and pure-membrane
water (20 s). Subsequently, 20 μL of the nanowire sample were
placed on the wafer surface for 1 h. Afterward, the substrate was
dipped in a 1:1 mixture of ethanol and deionized water for 30 s.
To remove the organic DNA layer around the nanowires, the
sample was again subjected to O2 plasma at 7 sccm O2 and 300
W for 30 min.
Electron-Beam Lithography and Electrical Measure-
ments. The electrical contact pads and markers were fabricated
using electron beam lithography (RAITH e-line Plus). ZEP520
electron beam resist was spin-coated on the samples and baked
at 150 °C for 10 min. The resist was exposed at a 35 μC/cm2
area dose to define contact pads, markers, and small contacts.
The resist was developed in n-Amyl acetate for 90s and
subsequently in isopropanol for 30 s. A 5 nm Ti adhesion layer
followed by a 100 nm gold layer were deposited at 0.2 and 2 Å/
s with electron-beam evaporation (Bestec UHV Evaporation
Tool). Lift-off was performed by immersion in ZDMAC
(Dimethylacetamide) and subsequent washing with IPA,
followed by drying in a N2-stream. Electrical measurements
were carried out using a semiconductor parameter analyzer
(Agilent 4156-C) in vacuum (10−5 mbar) and in the dark using
two probes. A helium flow cryostat system was used for
temperature-dependent electrical measurements. The samples
were cooled to 4.2 K, and measurements were performed while
heating up. I−V measurements were performed by sweeping of
the voltage (0 to 30 mV and 0 to −30 mV) or the current (0 to
1 μA and 0 to −1 μA) for resistive or conductive wires,
respectively. The resistances or conductances of the were
determined by least-squares fitting of a linear function to the
measured V−I or I−V curves, respectively. For wires that
showed nonlinear I−V relations at low temperatures (RW-1
and RW-2), we determined the zero-bias resistance (con-
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Roger Glas̈er, Marius Grundmann, Jörg Lenzner, Markus
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Orponen, P.; Högberg, B. DNA rendering of polyhedral meshes at the
nanoscale. Nature 2015, 523, 441−444.
(7) Kauert, D. J.; Kurth, T.; Liedl, T.; Seidel, R. Direct mechanical
measurements reveal the material properties of three-dimensional
DNA origami. Nano Lett. 2011, 11, 5558−5563.
(8) Mikkila,̈ J.; Eskelinen, A.-P.; Niemela,̈ E. H.; Linko, V.; Frilander,
M. J.; Törma,̈ P.; Kostiainen, M. A. Virus-encapsulated DNA origami
nanostructures for cellular delivery. Nano Lett. 2014, 14, 2196−2200.
(9) Voigt, N. V.; Tørring, T.; Rotaru, A.; Jacobsen, M. F.; Ravnsbaek,
J. B.; Subramani, R.; Mamdouh, W.; Kjems, J.; Mokhir, A.;
Besenbacher, F.; Gothelf, K. V. Single-molecule chemical reactions
on DNA origami. Nat. Nanotechnol. 2010, 5, 200−203.
(10) Hemmig, E. A.; Creatore, C.; Wünsch, B.; Hecker, L.; Mair, P.;
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5. DNA-mediated Fabrication of Defined Semiconductor Nanorod 
Assemblies 
5.1 Introduction 
For emerging applications in nanoelectronics, nanooptics, and photocatalysis, an important mate-
rial is semiconducting nanostructures with interesting anisotropic electronic and optical properties. 
So far, the DNA-based arrangement of semiconducting nanostructures was limited by the lack of 
a DNA-compatible functionalization. 
In this chapter, an easily applicable method for the synthesis and DNA functionalization of semi-
conducting nanorods was established. The achieved high functionalization densities allowed as-
sembling the nanorods at defined docking positions on the modular platform with a yield of up to 
90%. Utilizing the mold-based modular platform, the formation of nanorod dimers with defined 
relative orientations as well as the dimerization of the mold element via a single semiconducting 
nanorod were demonstrated. Furthermore, metal-semiconductor heterostructures were formed by 
positioning both the semiconducting nanorods and the gold nanoparticles at defined locations on 
the platform. By using an electroless gold deposition, a direct metal-semiconductor interface was 
achieved which is a key component in nanoelectronic applications.  
The achieved DNA functionalization of semiconducting rods can be further applied to other simi-
lar materials. This highly efficient approach of DNA-based integration of semiconducting nano-
rods into DNA origami structures provides a crucial basis to employ semiconductors in self-
assembly structures for optical and electronic devices fabrication.  
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DNA-Mediated Self-Assembly and Metallization of Semiconductor
Nanorods for the Fabrication of Nanoelectronic Interfaces
Richard Weichelt+,[a] Jingjing Ye+,[b] Uri Banin,[c] Alexander Eychmeller,*[a] and Ralf Seidel*[b]
Abstract: DNA nanostructures provide a powerful plat-
form for the programmable assembly of nanomaterials.
Here, this approach is extended to semiconductor nano-
rods that possess interesting electrical properties and
could be utilized for the bottom-up fabrication of nano-
electronic building blocks. The assembly scheme is based
on an efficient DNA functionalization of the nanorods. A
complete coverage of the rod surface with DNA ensures a
high colloidal stability while maintaining the rod size and
shape. It furthermore supports the assembly of the nano-
rods at defined docking positions of a DNA origami plat-
form with binding efficiencies of up to 90 % as well as the
formation of nanorod dimers with defined relative orienta-
tions. By incorporating orthogonal binding sites for gold
nanoparticles, defined metal-semiconductor heterostruc-
tures can be fabricated. Subsequent application of a
seeded growth procedure onto the gold nanoparticles
(AuNPs) allows for to establish a direct metal-semiconduc-
tor interface as a crucial basis for the integration of semi-
conductors in self-assembled nanoelectronic devices.
The bottom-up fabrication of programmable frameworks and
building blocks by using complementary DNA base-pairing en-
abled the construction of nanomaterial systems with tightly
controlled dimensions, stoichiometries, orientations, shapes
and compositions.[1–3] The versatility of this concept has raised
interest in areas that are typically covered by top-down meth-
ods, such as lithography processes for the fabrication of nano-
electronic elements. In the near future, combined top-down
and bottom-up methods could be a promising way to realize
the implementation into real-world applications.[4] In particular,
recent developments in DNA nanotechnology, such as the
DNA origami technique,[5] provided a straightforward route to
fabricate 2D[6] and 3D[7] scaffolds that allowed for a precise ar-
rangement of different materials through DNA-strand hybrid-
ization. Prominent examples include the demonstration of an
DNA-templated carbon nanotube field-effect transistor[8] and
the assembly of conductive gold nanowires.[9–11] To this end,
one-dimensional semiconductor nanorods (SC NRs) are another
promising material type, due to their synthetically designable
anisotropic optical[12–14] and electrical[15, 16] properties. DNA ori-
gami can serve as molecular breadboards for the precise ar-
rangement of these SC NRs with defined spatial orientation
and interparticle distances and allow for the construction of
more complex nanoscale structures, including metal-SC hetero-
structures. Various approaches for the DNA-functionalization of
zero-dimensional SC nanoparticles, so-called quantum dots
(QDs) and their assembly onto DNA origami have been already
developed.[17–22] However, these studies focused on their opti-
cal rather than electrical applications. Additionally, the elongat-
ed shape of SC NRs is more suitable to align these structures
and establish electrical contacts through metal tips at the NR
ends.[23] So far, only one study tried to assemble SC NRs onto
DNA origami to investigate their optical properties but suf-
fered from low oligonucleotide conjugation numbers, poor col-
loidal stability and reduced origami attachment yields.[24] In our
study, we propose a new approach towards the DNA-mediated
assembly of SC NRs. Particularly, we present a straightforward
protocol for the synthesis and oligonucleotide functionaliza-
tion of SC NRs to enable their self-assembly onto DNA origami
structures at defined docking positions (Figure 1). Based on
the precise arrangement of the NRs with high binding efficien-
cies, we also demonstrate the assembly of linear Au NP–SC NR
heterostructures. These structures then undergo an electroless
gold deposition process to form direct nanoscale metal-SC in-
terfaces that could facilitate their integration into nanoelec-
tronics applications.
To fabricate DNA-functionalized SC NRs, we employed a mul-
tistep procedure (Figure 1). Initially, CdS NRs were synthesized
by using a two-step seeded growth protocol, adapted from
the literature.[25] An elongated CdS shell was formed around a
spherical CdS core particle. Thereby, phosphonic acids acted as
ligands to stabilize the NRs and to induce a preferential shell
growth along the c axis of the crystal lattice. Due to the high
reaction temperature of 350 8C, the NRs gained a defined crys-
tal structure and a uniform shape with narrow size distribution.
As depicted in the corresponding TEM image (Figure 2 a), a
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typical synthesis yielded NRs with an aspect ratio of nine and
dimensions of 45 V 5 nm. To facilitate the oligonucleotide func-
tionalization and to allow for their attachment to origami plat-
forms, the NRs had to be transferred from the organic to the
aqueous phase. This required an exchange of the organic li-
gands of the NRs with water soluble molecules that would
support a high stability in aqueous buffer solutions at a pH
ranging from 7 to 8 in the presence of considerable concentra-
tions of magnesium and sodium ions (up to 12 and 350 mm,
respectively). Carboxylic acids, like MPA (mercaptopropionic
acid or MUA (mercaptoundecanoic acid), and glutathione are
typically excellent candidates for the transfer of organic SC NRs
to the aqueous phase.[26]
Unfortunately, nanomaterials prepared with these ligands
tend to aggregate under the required ionic conditions due to
the coordination of magnesium ions with the carboxylic acid
groups on the particle surface.[27] Alternatively, functionalized
polymers that form a very dense ligand shell can prevent ag-
gregation and provide higher stability. Known examples in-
clude polyethylene-glycol (PEG) and polyethylenimine (PEI) for
the stabilization of AuNPs[28] and SC NRs.[26] The thicker ligand
shell and the stronger attachment of the polymers to the NR
surface may, however, significantly reduce the efficiency of a
subsequent oligonucleotide functionalization. We thus com-
bined the advantages of short thiolated molecules with the
chemical inertness and colloidal stability of polymer coated
NRs and used a short-length methoxy PEG5 Thiol (mPEG)5
ligand for a fast and reproducible phase transfer. Following the
successful ligand exchange, CdS NRs were transferred to 0.5 V
Tris-HCl buffer and diluted to a final concentration of approxi-
mately150 nm to test their stability in the aqueous phase. After
24-h storage at room temperature, absorbance spectra were
recorded (Figure 2 d, blue line) and compared to the spectra of
NRs dissolved in toluene (orange line). No significant changes
of the optical properties were detected. A minor blueshift of
6 nm was possibly due to the increased removal of larger NRs
during multiple filtration steps. The stability of the NRs in the
aqueous medium was confirmed by TEM images that displayed
NRs with maintained size and shape (Figure 2 b). In fact, CdS
NRs that were passivated with mPEG-SH maintained their col-
loidal stability for more than two years without changes of
their optical properties. After the phase transfer the NRs were
functionalized, by using dithiol-modified DNA oligonucleotides
containing fifteen thymine bases (poly-T15). Two thiol groups
per DNA strand can increase the overall binding efficiency at
the particle surface as well as the stability of the formed bond
compared to a monothiol group.[29] Considering that the CdS
NRs already carried thiolated mPEG molecules on their surface,
the dithiol functionalization of the DNA oligonucleotide was
important to ensure an efficient ligand replacement. Following
the oligonucleotide functionalization, including a so-called salt
aging step with sodium chloride and overnight incubation, oli-
gonucleotide functionalized NRs were purified through multi-
ple filtration steps (see the experimental section of the Sup-
porting Information). The recorded absorbance spectra (see
Figure 2 d, green line) indicated no changes in size, morpholo-
gy as well as optical properties of the DNA functionalized NRs.
Figure 1. Fabrication scheme of the defined assemblies of SC NRs. (a) Synthesis of CdS NRs. (b) Phase transfer into water by using dithiolated m(PEG)5 oligo-
mers. (c) Oligonucleotide functionalization with dithiolated poly-T15 to fully cover the NRs. (d) Arrangement of Poly-T15@CdS at defined positions on a DNA ori-
gami mold platform, including the lateral docking, end docking and internal docking. Molds preloaded with AuNPs provide the formation of metal-SC hetero-
structures.
Figure 2. TEM images of CdS NRs after (a) organic synthesis with dimensions
of 45 V 5 nm, (b) functionalization with m(PEG) and phase transfer into aque-
ous medium at preserved size and shape and (c) functionalization with a
dense poly-T15 oligonucleotide brush being visible due to a negative stain of
the sample. Scale bars in all TEM images are 50 nm. (d) Absorbance spectra
of the samples shown in (a)–(c).
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Due to the high extinction coefficient of the NRs at wave-
lengths <400 nm, and the absorbance of the oligonucleotides
is at 260 nm, hence the final DNA concentration could not be
obtained directly. To estimate the number of oligonucleotides
attached to the NR surface, we collected the excess of un-
bound oligonucleotides after the functionalization and mea-
sured their concentration from the absorbance spectra. An ap-
proximately 50 % reduced concentration of the excess oligonu-
cleotides compared to the initially added oligonucleotides, in-
dicated that about 250 oligonucleotides were bound to each
NR. Given a surface area of around 760 nm2 for a single NR,
each oligonucleotide thus occupied an average area of approx-
imately 3 nm2. These results agreed with TEM images of the
stained functionalized NR sample (Figure 2 c), that displayed a
dense oligonucleotide brush on the NR surface.
We next tested whether the freshly functionalized NRs can
be bound on a DNA origami platform at defined positions (see
scheme in Figure 1 d). The origami structure was a so-called
DNA mold, being a tube with quadratic cross section com-
posed of 64 helices with outer dimensions of 25 V 25 V 40 nm
and a cavity of 15 V 15 V 40 nm (for details see Supporting In-
formation Figure S8–S10).[9] Complementary poly-A15 capture
strands were incorporated at specific positions on the out- or
inside of the mold to allow binding of the functionalized NRs.
In total, two different external and one internal binding config-
urations were introduced. The first tested external configura-
tion carried out was a so-called lateral docking (Figure 3 a,b), in
which five capture strands were placed alongside a mold side-
wall. For a one-sided lateral docking the capture strands were
located only on one side wall, whereas for a two-sided lateral
docking, yielding a parallel alignment of two NRs, two oppo-
site side walls were modified. The NRs were incubated with
the corresponding mold platform in an approximately 2:1
excess over NR binding sites. TEM imaging revealed that a lat-
eral attachment of the NRs along the side wall and approxi-
mately parallel to the long axis of the origami structure could
be achieved. Average binding efficiencies were determined
from the overview TEM images (Figures S3–S6, Supporting In-
formation). They were calculated as the percentage of filled
docking positions on the origami platforms including occasion-
al docking events where a single NR connected two origami.
The obtained binding efficiencies for lateral docking reached
90:2 % (N = 566) for both configurations. The second tested
external binding configuration was end docking (Figure 3 c,d)
of NRs to a mold structure that was equipped with two cap-
ture strands on one or both ends, respectively. For end dock-
ing the average binding efficiencies reached also 90:3 % (N =
376). Occasionally, the formation of short mold-NR chains was
observed that could be prevented by increasing the propor-
tion of the NRs and diluting the assembly solution (see Fig-
ures S5 and S6, Supporting Information). An internal docking
was realized by placing four capture strands in the center of
the mold cavity, such that one NR can either bind to one mold
and form a NR-mold monomer or bind to two molds to form a
dimer structure (Figure 3 e,f). On average 80:7 % (N = 404) of
the molds had at least one NR internally attached. Out of
these molds 20 % were mold dimer structures (Figure 3 f). As a
control, we tested the binding of the functionalized NRs to
Figure 3. Representative TEM images displaying Poly-T15@CdS NRs assembled onto DNA origami molds platforms. Different positions of capture strands allow
different NR arrangements incl. (a) lateral docking to one mold wall (b) lateral docking to two opposite mold walls, (c) docking to a single mold end (d) dock-
ing to two mold ends, (e) internal NR binding with a single end (f) internal binding of both nanorod ends to two molds. Note that the tips of internally
bound Poly-T15@CdS NRs are precisely positioned in the middle of the mold cavity. Scale bars in all TEM images are 50 nm.
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mold structures without poly-A15 capture strand (Figure S2,
Supporting Information). No binding was observed in this
sample, that is, NR-mold binding stringently depends on the
specific interactions to the introduced capture strands. Despite
an excess of NRs that each carried a dense oligonucleotide
brush, the binding efficiency for internal docking was signifi-
cantly lower than for external docking. This suggests a limited
accessibility of the internal compared to the external docking
sites. Clearly, the surrounding mold walls will lower the proba-
bility of a random encounter between the internal capture
strands and the NRs.[30]
Recently, we demonstrated, however, that the decoration of
molds chains with AuNPs at efficiencies of 96:2 % by using
identical internal positions of capture strands.[9] We therefore
attribute the limited accessibility to the internal docking sites
to the anisotropic NR geometry. Compared to the spherical
shape of a 5 nm AuNP, an elongated NR can only enter the
mold cavity if it is oriented approximately parallel to the long
axis of the mold. We think that this required orientational
alignment strongly limits the assembly kinetics such that inter-
nal docking of SC NRs remains less efficient compared to exter-
nal docking at the applied time scales. After demonstrating
the SC NR docking at different positions of the origami plat-
form, we tested whether our assembly scheme would also
allow for attachment of additional objects at the orthogonal
binding sites of the mold platform. Particularly, we probed the
binding of AuNPs to form metal-SC heterostructures. To this
end, an internal binding site for an AuNP by using a modified
capture strand sequence different from CdS NR was placed in
close proximity to an internal CdS NR binding site (Figure 4 a).
After incubation of the molds with DNA functionalized AuNPs,
TEM imaging (Figure S7, Supporting Information) confirmed
that AuNPs attached only to one side of the mold cavity. Sub-
sequently, the DNA functionalized NRs were added to the
AuNP decorated structures, such that molds decorated with
both particle types were obtained (Figure 4 a). The decoration
yield of the NR docking sites in the heterostructures was 70:
7 % (N = 510), that is, only slightly reduced compared to the
simple internal NR docking. The additional blocking of one
side of the mold cavity by the AuNP may explain the binding
efficiency decrease, as well as the reduced percentage of mold
dimer heterostructures to 10 % (Figure 4 a). The distance be-
tween the AuNPs and CdS NRs inside the mold was between
5–10 nm, which coincides with the designed capture strand
positions. The bound AuNPs in the mold cavity allowed the SC
NRs to enter from only one mold end which was proximal to
the NR docking side. This provided a defined mold end on the
AuNP side. By using end-to-end docking,[31] it should then
allow for the structures to bind additional origami structures at
the AuNP side. This would provide an increased complexity as
well as allowing for an interfacing of the metal-SC heterostruc-
tures. To test this, mold ends on the AuNP side were extended
by one additional origami mold that contained two AuNPs
(Figure S7, Supporting Information). The specific interface
design limited the extension to only a single mold. After as-
sembly, SC NRs were found carrying either two AuNP-decorat-
ed molds on a single (Figure 4 b) or at both ends (Figure 4 c).
All together the final structures contained one NR and either
two molds with three AuNPs or four molds with six AuNPs. By
using conventional synthesis approaches, Au island can be
grown on the tips of SC NRs, yet they cannot exceed diameters
larger than 3–5 nm without starting to cover the NR sides or
without dissolution of one Au island due to Ostwald ripen-
ing.[32] The addition of 5 nm AuNPs in short distance to the NR
tips allows for the growth of much larger Au contacts with a
direct metal SC connection. To this end, we adapted a seeded
growth procedure for AuNPs inside DNA molds[9, 33] and applied
it to the heterostructures. TEM imaging (Figure 4 d) revealed
an equal growth of the AuNPs to final diameters of 15–22 nm
and formation of contacts between the metallic parts and the
SC NR. We anticipate that the arrangement of the growing
AuNPs is constrained by the mold sidewalls, which allows the
outer AuNPs to push the inner ones closer to the NR tip. The
reduced distance supports the merging of the NR tips with the
growing AuNP. At the same time, the growth of small Au is-
lands on the NR is prevented because most of the gold precur-
sor is consumed by the large AuNPs.
In summary, we presented a new approach for the oligonu-
cleotide functionalization of CdS NRs. The implementation of a
robust phase transfer to the aqueous phase by using short
thiolated mPEG molecules ensured a high colloidal stability of
the CdS NRs. This enabled the usage of the NRs in DNA-origa-
mi-mediated self-assembly approaches. Dithiolated oligonucle-
otides formed a dense brush around the NRs, which allowed
for a successful assembly onto five different DNA origami
structures with binding efficiencies of 90 and 80 % for external
and internal docking, respectively. The obtained structures
Figure 4. TEM images of self-assembled metal-SC heterostructures. (a) SC NR
bound at either end to an AuNP preloaded mold monomer. (b, c) SC NRs
bound at one or both ends to preformed mold dimers that were loaded
with three AuNPs. (d) Structure shown in (c) after seeded gold growth. Scale
bars in all TEM images are 50 nm.
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could further be loaded with AuNPs such that defined metal-
SC heterostructures were obtained. By using seeded growth,
gold contacts were grown at the NR tips that were large
enough to be interfaced with conventional top-down proce-
dures. In general, the flexibility of our modular mold approach
would enable the incorporation of additional molds or other
materials, which potentially allows for a self-assembly of nano-
electronic device structures. Our functionalization protocol has
also the potential to be adapted for other materials.
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6. Conclusion and Outlook  
Subject of this thesis was the development of a modular platform for the fabrication of complex 
inorganic nanoparticles based on a DNA origami mold system to solve the challenges towards the 
nanoelectroic applications: deficiency in size control of the synthesised particles which leads to 
inhomogeneities; avoiding background nucleation while maintaining the fully homogeneous and 
continuous targeted metal growth; controllable multi-dimensional geometries and high addressa-
bility of each metal nanoparticle; and the integration of multi-materials with distinct electronic 
properties. The versatility of the mold system fabrication was first studied using linear mold ele-
ments with different interfaces for mold-mold docking. By establishing a set of specific interfac-
es, linear mold superstructures with controllable length in which the monomers remained ad-
dressable could be fabricated. The concept was extended by integrating additional mold-based 
elements with different shapes that nonetheless followed the interface design rules. Different 
structures were integrated to allow formation of various shapes including complex metal struc-
tures and even branched structures. Furthermore, the metallic behaviour of the fabricated metal 
nanostructures was examined by temperature-dependent conductivity measurements. Moreover, 
the diversity and ubiquity of this modular platform was tested by integrating semiconducting rods 
together with gold nanoparticles inside the DNA molds. Metal-semiconductor complex hetero-
structures were successfully built providing this way a fundamental component for future nanoe-
lectronic device fabrication. To further improve the electronic performance of the fabricated 
nanostructures, a thorough and systematic study for optimization of the metal deposition inside 
DNA molds was carried out. An improved electroless metal deposition protocol was established, 
allowing the formation of rod-shaped like, high aspect ratio gold nanoparticle from a single seed. 
Specifically, in Chapter 3, the mold-based platform was constructed and metal structures with 
programmable length and pattern were synthesized. Four orthogonal high-affinity interfaces be-
tween mold monomers were established, enabling the fabrication of higher-order mold super-
structures. Based on different selections of attractive and repulsive helices for the docking reac-
tion with either 3’ or 5’ feature multiple terminal interfaces were developed. The fine-tuned inter-
face affinities at each addressable monomer in the superstructures could reach yields of 74%, 46% 
and 41.3% for pentameric, octameric and nonameric mold assemblies, respectively. Different 
metallization patterns within pentamer structures were achieved as designed, demonstrating that 
this modular platform can be further expanded for the generation of larger and more complex 
higher-order DNA templates for inorganic nanostructures. In addition, the developed strategy 
represents the basis for fabrication of more arbitrary interfaces using different patterns of attrac-
tive and repulsive helices.  
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In Chapter 4, the developed platform was used to fabricate highly homogeneous and conductive 
gold nanowires and their electronic properties were characterized. High seed decoration efficien-
cy (96±2%) was achieved for each mold monomer of the wire structures. By placing the com-
plementary interfaces between mold-mold in an alternating manner, micron range periodic linear 
mold nanowires with homogeneous width (20-30 nm) were achieved comprising dozens of mold 
monomers and. To identify the charge transport mechanism in the fabricated gold nanowires, 
temperature-dependent conductance measurements were enabled by high-precision contacting of 
the gold nanowires using electron beam lithography. Some of the wires exhibited high metal-like 
conductivity with resistances of 90 Ω up to 30 kΩ. Such micrometer-long nanowires with high 
conductive property are ideal for interconnecting nano and micro range electronic devices. 
In Chapter 5, CdS semiconducting rods were used to further utilize this platform for the integra-
tion of multi-functional material. A new approach for the oligonucleotide functionalization of 
CdS nanorods was demonstrated. Short thiolated mPEG molecules were used for a robust phase 
transfer to the aqueous phase, ensuring high colloidal stability of the CdS nanorods. Dithiolated 
oligonucleotides formed a dense brush around the NRs that allowed a successful assembly onto 
DNA origami structures with five different attachment schemes. The binding efficiencies reached 
yields of 90 % and  80 % for external and internal docking, respectively. Gold nanoparticles and 
CdS nanorods could be loaded into the platform at different positions to achieve defined metal-
SC heterostructures. 
Additionally, within the Ph.D. time frame, extra work were conducted for the development of the 
modular platform and they were summarized in unpublished manuscripts (P4 and P5, refer to 
List of Publications). In manuscript P4, the versatility of the mold-based assembly platform was 
expanded by integrating differently shaped mold-based elements. Three additional DNA mold 
elements were introduced: mold lid elements with a DNA filled cavity, 3-wall elements with 
providing linear molds with a smaller cavity diameter and junction elements which allow to es-
tablish branches. Specific interfaces for the different elements were designed to allow the specific 
integration into the modular platform. Mold superstructures with various geometries were ob-
tained. Using lid and mold elements, a DNA cage was created. Followed by a subsequent gold 
deposition, DNA-caged particles were achieved. Using standard molds and 3-wall elements 
which have smaller cavity diameters, allowed to fabricate rolling pin- and dumbbell-shaped parti-
cles. In addition, T-shaped and loop-shaped particles with high continuity were realized using 
junction elements. All the obtained metal nanostructures displayed high homogeneity and conti-
nuity. An effort has also been made to connect the loop structure into a larger network.  
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In manuscript P5, further improvement of the electroless gold deposition inside the mold was 
established to achieve more robust and straightforward rod-shaped like nanoparticles synthesis to 
improve the performance for future electronic applications. Based on the modular platform from 
Chapter 3, different alternating chain patterns were utilized to create certain interparticle dis-
tances (80 nm, 120 nm and 160 nm) between the 5 nm gold nanoparticle seeds inside the mold 
wires. A systematic study of possible parameters during the gold deposition process was conduct-
ed: different ratios of reducing agent and gold precursor were investigated (1:1 ratio resulting in 
the best gold growth); salt concentrations (NaCl) were varied to obtain the best particle merging 
condition (no NaCl turned out to give elongated growth); overall gold ion concentration was ad-
justed to fill up the gap between two AuNPs. Continuous and high aspect ratios of gold nanopar-
ticles (up to 1:7) were achieved from one single AuNP seed with optimized conditions. It should 
on theory improved the conductivity performance of the gold nanowires and thus provided a ro-
bust gold rod assembly with the help of DNA origami mold.  
The realization of functional nanoelectronic devices based on the established mold-based plat-
form will represent a challenge for future studies. Expanded from Chapter 3, while this study 
utilized so far only four different interfaces for the mold element interaction, it will certainly be 
possible to introduce extra interfaces design to reach the limits of cross-sectional DNA origami 
design. Furthermore, different interface design strategies besides the already established attractive 
and repulsive helices scheme can be developed. In addition, a thorough study of affinities and 
dynamics during the higher-order assembly would be interesting to reveal the relation between 
different forces for self-organization. Expanded from Chapter 4, further characterization of the 
fabricated nanowire would be straightforward to test the structure performance. A combination of 
top-down strategy and bottom-up fabrication would be an alternative to guide the controlled dep-
osition of metal nanostructures on the substrate and building interconnections between different 
electronic units. Expanded from Chapter 5, characterization of the metal-semiconducting hetero-
structures would be interesting as well as back gate constructing on top of the structures to 
achieve a real transistor. Expanded from manuscript P4, a new design of the junction elements 
(rigid top and bottom connection or new asymmetric interfaces) would be helpful for loop struc-
tures and a large network construction. Furthermore, different metal materials or magnetic mate-
rials could be incorporated to achieve a particular functionality. Different material seeds in spe-
cific molds should support the electroless growth of different metals at the desired location. 
Overall, the modular platform for inorganic particles synthesis was developed. More homogene-
ous and continues metal deposition was achieved with improved electronic performance compa-
rable to the bulk material. Furthermore, multiple materials were integrated compatibly into the 
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platform with highly controlled orientation. With the developed metal deposition protocol, this 
modular platform is ready to be used to fabricate nanoelectronic circuit for actual applications. 
All the prerequisites for the realization of nanoelectronic devices based on the DNA origami 
modular platform are reached. How to utilize these principles and protocols to design the target 
nanoelectronic devices is the key interest. Defined geometry can be designed for certain device 
constructions. Targeted metal composition can be fabricated at designed positions which will 
intrigue exciting phenomena. All together with further optimized controllable material deposition 
on silicon wafer, a real nanoelectronic device will be fabricated based on this modular platform 
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Figure S1. Mold dimerization as function of the overhang length at attractive helix ends analyzed
by gel electrophoresis. Dimer formation was tested between two molds carrying either an L-end or
an R-end of the C-interface. Lanes labeled with L and S correspond to a 1 kb DNA size marker and
the p8064 scaffold, respectively. Overhang length varied between 0 nt and 4 nt as indicated. For
each overhang length the monomer with the left side of the interface (CL), the monomer with the
right side of the interface (CR) and the mixture of both monomers (CL+CR) was analyzed. Dimer
band started to appear for overhang length of 2 nt or larger. The table underneath the gel image
provides the fractions of monomer and dimer bands in the CL+CR lane. The monomers with 0 nt
overhangs were analyzed on the gel before purification, such that a bright band from the stable
oligonucleotides is seen.
S2
Figure S2. Testing the dimerization for all possible combinations of interface L-ends with interface
R-ends to verify the specificity of the designed interfaces. Molds with an attractive L-end were
mixed at equal stoichiometry with molds with an attractive R-end and analyzed by agarose gel
electrophoresis. Lanes labeled with L and S correspond to a 1 kb DNA size marker and the p8064
scaffold, respectively. Different mold mixtures are indicated by XR+YL, where X and Y indicate the
particular interface. Dimerization occurs only when L-end and R-end monomers are from the same
interface type. The table underneath the gel image provides the fractions of formed mold dimers.
S3
Figure S3. Mold mixing at the stoichiometric optimum was confirmed by gel electrophoresis. Lanes
labeled with L and S correspond to a 1 kb DNA size marker and the p8064 scaffold, respectively.
L-end molds were mixed with R-end molds of the same interface type at stoichiometries of 1.3:1,
1:1 and 1:1.3 as indicated in the image. Optimal dimerization, i.e. minimum monomer formation
occurred for a 1:1 mixture of monomers.
S4
Figure S4. Selection of mold dimers after metal deposition. For a seed concentration of 2
nM the metallization used either: a) 450µM, b) 562.5µM or c) 675µM of H[AuCl4]. Average
lengths of the formed metal structures were obtained from the average of the stem length and
the full length of the structures (see arrows in b). The image at the bottom right shows the
aggregated dimers due to the gold outgrowth at the mold ends. The scale bars correspond to 20 nm.
S5
Figure S5. a) Controlled multimerization of dimers and trimers analyzed by agarose gel elec-
trophoresis (see image 3 in the main text). a) Dimer multimerization. Gel lanes include the p8064
scaffold (S), the four different dimers and the reactions of forming a monomer, dimer, trimer and
tetramer of dimers (labelled 1d, 2d, 3d, 4d, respectively). Color bars indicate the positions of
the different multimers in the gel (blue, orange, green and res for monomer, dimer , trimer and
multimer , respectively). The bar graph at the bottom shows the fraction of the different multimers
as analyzed from the band intensities in the gel images. Notably, the efficiency to form the octamer
reaches almost 50 %. b) Trimer multimerization. Gel lanes include the p8064 scaffold (S), the three
different dimers and the reactions of forming a monomer, dimer and trimer of trimers (labelled
1d, 2d, 3d, 4d, respectively). The bar graph at the bottom shows the fraction of the different
multimers. The yield of nonamer formation exceeded 40 %.
S6
Figure S6. tSEM images of trimeric, tetrameric and pentameric mold superstructures after site-
specific metal deposition. The intended metal deposition pattern as indicated in the cartoon above
the images. The scale bars correspond to 50 nm.
S7
Figure S7. Overview tSEM images of a mold trimer with a single central gold block before and after
metallization (see Figure S6a). The scale bars correspond to 100 nm.
S8
Figure S8. Overview tSEM images of a mold trimer with two terminal gold blocks separated by a
gap before and after metallization (see Figure S6b). The scale bars correspond to 100 nm.
S9
Figure S9. Overview tSEM image of the alternating chain pattern of one empty and one gold-filled

















































































































































































































































































































Figure S10. Design template for a mold with Interface A at either end. Shown is the detailed
sequence and folding of the 8064 nt scaffold (blue) and the various staples (other colors) used to
create the structure. For better visualization of the AL-AR interface docking the design was cut into
two parts to place the interface sides opposite to each other. Repulsive ends carry a 5’-TACACT
ssDNA extension at the 5’ and 3’-ends (repulsive helices are marked in blue in the scheme on the
right). Attractive helices of the A interface have a 3 nt 5’ end extension and a 3 nt 3’ end recession
(attractive helices are marked in yellow in the scheme on the right). Staples in yellow represent
the capture strands that carry 15 nt 3’-polyadenine overhangs for attaching two DNA-coated AuNP
seeds. Squares and triangles at the staple ends symbolize the 5’- and the 3’-end, respectively. The
core design template was created using CaDNAno1. Red crosses are imaginary gaps that were
introduced for better graphical representation. This was done in order to fit the 8 bp lattice size
(corresponding to about 270◦ turns) into the 63 bp unit cell (six helical turns of dsDNA) that underly
















































































































































































































































































































Figure S11. Design template for a mold with Interface B at either end. Repulsive ends marked in
blue carry a 5’-TACACT ssDNA extension at the 5’ and 3’-ends. Attractive helix ends (marked in
yellow) of the B interface have a 3 nt 5’ end recession and a 3 nt 3’ end extension. Colors and
symbols are as in Supplementary Figure S10.
S12
         TGACGGGGAAAGCCGGCGA AAAACGTGGCGAGA AAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGGGTTGAGTGT
GCGGCGGGTGTGGTGGTTACGCGC AGCGTGACCGCTACACTTGCCAGCGCCCTAG






         TTTGACGCTCAATCGTCTG GCAAAATGGATTAT TTACATTGGCAGATTCACCAGTCACACGACCCTGTGGTGCTGCG
GCTTTCAGGTCAGAAGGGTTCTAT CTCTGTTGGCCAGAATGTCCCTTTTATTACT





















         GATAAATAAGGCG AAGTTAAATAAGAA TAAACACCGGAATCATAATTACTAGAAAAAGCCTGTTTAGTATC





         GGTATTCTAAGAA TAACGCGAGGCGTT TTAGCGAACCTCCCGACTTGCGGGAGGTTTTGAAGCCTTAAATC





























































































































































































CGTGAACCCCCA CTAGGCGATGGTCTATCAG         GGGCGAAAAACCGGCT
TTATAAATAAAT CCCAATCGGCAGGTTCCGA         GAAAATCCTGTTTGATGGTCGC
CACCAGTGTTTCTTTTGGTG GTTGCGTATTGGGCGCCAGTACACTGGAGAGGCGGTTT
AGCTAACTATGA GTGGGTGCCTAAAGCCTGG TACACTGCCGGAAGCATAAAGTGTA
ATCCCCGGAGTTGAGGTCCT CACCGTGAGCCTTCGCGTC         CGCGTGCCTGTTCCAT
GTCACTGCAGCGCAGTACGA TCCTGCATCAGGTGCCCCC         CCTGCAGCCAGCGGTGCCGAGC
GCCCTGCGCACT GTTGCGGTATGAGCCGGGT TACACTTCCGCCGGGCGCGGTT
ACGGCAGCGAATGCCAACCG CAACAGCAGCAGGTCTGGT TACACTGTAGAACGTCAGCGTGGTGCT









AATCGGTTAAAG CTACAGAGCATTAAAGCCT         AATTAGCAAAATTAAGCAATGT
CTTTGCCTTGCCTGTATGATTTATTGGATGTTAATGCTA CTACTATTAGTAGAAT




TGACTATTCTTTACCCATCA GGTAATCAAAATGACCATA         ACAGTTCAGAAAACGAGAATCC
TTAAAGCATTTGAGGGGGATTCAATGAATATTTATGACG ATTCCGCAGTATTGGA
AGACTGGATAGCGAATG TTTAATAGTAAGAGGGGGT         AGAAGTTTTGCCACTA
AATG CAGATACATAAATTCAACTAATACCAC TACACTATTCATCAGTTGAGATTTAGG
AACTGGCTATTTTAAGTTAT GCGGAATTACCATCATTGT TACACTTTTAATTTCAACTTTA















































Figure S12. Design template for a mold with Interface C at either end. Repulsive ends (marked in
blue) carry a 5’-TACACT ssDNA extension at the 5’ and 3’-ends. Attractive helix ends (marked in
yellow) of the C interface have a 3 nt 5’ end extension and a 3 nt 3’ end recession. Colors and
symbols are as in Supplementary Figure S10.
S13
         CGGGGAAAGCCGGCGAACGTGGCGAGA AAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGGGTTGAGTGT
GCGGCGGGTGTGGTGGTTACGCGC AGCGTGACCGCTACACTTGCCAGCGCCCTAG






         GACGCTCAATCGTCTGAAATGGATTAT TTACATTGGCAGATTCACCAGTCACACGACCCTGTGGTGCTGCG
GCTTTCAGGTCAGAAGGGTTCTAT CTCTGTTGGCCAGAATGTCCCTTTTATTACT





















         AAATAAGGCGTTAAATAAGAA TAAACACCGGAATCATAATTACTAGAAAAAGCCTGTTTAGTATC





         ATTCTAAGAACGCGAGGCGTT TTAGCGAACCTCCCGACTTGCGGGAGGTTTTGAAGCCTTAAATC





























































































































































































CGTGAACCCCCA CTAGGCGATGGTCTATCAG         CGAAAAACCG
TTATAAATAAAT CCCAATCGGCAGGTTCCGA         AATCCTGTTTGATGGT
CACCAGTGTTTCTTTTGGTG GTTGCGTATTGGGCGCCAGTACACTGGAGAGGCGGTTT
AGCTAACTATGA GTGGGTGCCTAAAGCCTGG TACACTGCCGGAAGCATAAAGTGTA
ATCCCCGGAGTTGAGGTCCT CACCGTGAGCCTTCGCGTC         GTGCCTGTTC
GTCACTGCAGCGCAGTACGA TCCTGCATCAGGTGCCCCC         GCAGCCAGCGGTGCCG
GCCCTGCGCACT GTTGCGGTATGAGCCGGGT TACACTTCCGCCGGGCGCGGTT
ACGGCAGCGAATGCCAACCG CAACAGCAGCAGGTCTGGT TACACTGTAGAACGTCAGCGTGGTGCT









AATCGGTTAAAG CTACAGAGCATTAAAGCCT         TAGCAAAATTAAGCAA
CTTTGCCTTGCCTGTATGATTTATTGGATGTTAATGCTA CTACTATTAGTAGAAT




TGACTATTCTTTACCCATCA GGTAATCAAAATGACCATA         GTTCAGAAAACGAGAA
TTAAAGCATTTGAGGGGGATTCAATGAATATTTATGACG ATTCCGCAGTATTGGA
AGACTGGATAGCGAATG TTTAATAGTAAGAGGGGGT         AGTTTTGCCA
AATG CAGATACATAAATTCAACTAATACCAC TACACTATTCATCAGTTGAGATTTAGG
AACTGGCTATTTTAAGTTAT GCGGAATTACCATCATTGT TACACTTTTAATTTCAACTTTA















































Figure S13. Design template fora mold with Interface D at either end. Repulsive ends (marked in
blue) carry a 5’-TACACT ssDNA extension at the 5’ and 3’-ends. Attractive helices (marked in
yellow) of the B interface have a 3 nt 5’-end recession and a 3 nt 3’ end extension. Colors and
symbols are as in Supplementary Figure S10.
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Figure S1. (a-c) Molds with attractive and non-attractive helix ends. Cartoons in the top row of
each subfigure indicate the positions of attractive (in yellow) and non-attractive ends (in brown)
that were obtained by omitting end staples at these positions (see cartoon on the left side of figure).
TEM images below the cartoons were recorded for a single monomer type and by mixing both
monomers types as indicated. We tested (a) 16, (b) 20 and (c) 24 attractive ends. While non-
specific chain formation was strongest for 24 attractive ends, dimeric and trimeric chains in staggered
conformations were still found for 20 and 16 attractive ends. All versions supported the formation
of longer linear, non-staggered assemblies when mixing both monomer types.
(d-f) Molds with attractive and repulsive helix ends shown in the cartoons in yellow and blue,
respectively. The figures show the same set of experiments as for molds with with non-attractive
ends. Molds of a single type remained monomeric for all tested numbers of attractive helices. When
mixing both monomer types, linear chain formation was only observed for 24 attractive helices. The





Figure S2. Overview TEM images of linear gold structures after metallization. The shown images
correspond to a a) 1-fold and b) 4-fold relative gold concentration (see Figure 3, main text). The








Figure S3. TEM images of linear gold structures after metallization on a µm-scale. The shown
images correspond to a a) 1-fold, b) 2-fold and c) 4-fold relative gold concentration (see Figure
3, main text). With increasing gold deposition, the structures become more continuous but also
slightly curved.
S4
40 nm 40 nm
a)
b)
40 nm 40 nm
c)
40 nm 40 nm
Figure S4. High magnification TEM images of linear gold structures after metallization. The shown
images correspond to a a) 1-fold, b) 2-fold and c) 4-fold relative gold concentration (see Figure 3,
main text). At the highest applied gold concentration many of the individual gold clusters become
connected to each other, though nm-sized gaps between individual clusters remain occasionally.
S5
Figure S5. SEM images of a wire with four contacts, which was found to be non-conductive (R >
260GΩ). The limited resolution of SEM imaging on the SiO2 substrate did not allow to resolve
residual gaps within the wire that blocked the conductivity.
S6





























Figure S6. Conductance measurements between different contacts of the structure contain-
ing CW-1. Shown are an SEM image of the wire with the four contacts, the V-I curve of CW-1
measured between contacts 1-2 (measured by applying a defined current) and the I-V curve of the
wire measured between contacts 3-4 (measured by applying a defined voltage bias). The latter
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Figure S7. Temperature dependent I-V behavior of CW-1, CW-2, RW-1 and RW-2 over the tem-
perature range from 4.2 to 293 K. (a,b) Curves for conductive wires CW-1 and CW-2 that were
measured by applying a defined current. (c,d) Curves for the more resistive wires RW-1 and RW-2

















































































































































































































































Figure S8. Design template for the AB’ DNA origami mold with 24 attractive and 40 repulsive helix
ends. Shown is the detailed sequence and folding of the 8064 nt scaffold (blue) and the various
staples (other colors) used to create the structure. Repulsive ends carry a 5’-TACACT ssDNA
extension both at 5’ and 3’-ends. Attractive helices carry on the A interface (left side) either a
2 nt 5’-staple end extension or a 2 nt 3’-staple end recession. Correspondingly, attractive helices
carry on the B’ interface (right side) either a 2 nt 3’-staple end extension or a 2 nt 5’-staple end
recession. Staples in yellow represent the capture strands that carry 15 nt 3’-polyadenine overhangs
for attaching two DNA-coated AuNP seeds. Squares and triangles at the staple ends symbolize
the 5’- and the 3’-end, respectively. The core design template was created using CaDNAno1. Red
crosses are imaginary gaps that were introduced for better graphical representation. This was done
in order to fit the 8 bp lattice size (corresponding to about 270◦ turns) into the 63 bp unit cell (six

















































































































































































































































Figure S9. Design template for the BA’ DNA origami mold with 24 attractive and 40 repulsive helix
ends. The ends are complementary to the ends of the mold with AB’ ends. Attractive helices carry
on the B interface (left side) either a 2 nt 3’-staple end extension or a 2 nt 5’-staple end recession.
Correspondingly, attractive helices carry on the A’ interface either a 2 nt 5’-staple end extension or












































Figure S10. Contact angles and surface energies of a SiO2 substrate before and after the oxygen
plasma treatment. (a) To understand the influence of plasma treatment on the adsorption of the
nanowires at O2 surfaces, contact angles on 300 nmSiO2 surfaces (precleaned 10 s with water and 10
s with ETOH) were measured before and after plasma treatment. To this end small droplets of either
deionized water 2.54 ± 0.18µl or diiodo-methane 2.83 ± 0.49µl were deposited on SiO2 surface and
imaged using a Drop Shape Analysis System (Krüss , DSA 10Mk2). Contact angles were determined
from images recorded at a optimally adjusted viewing angle. Oxygen plasma treatment reduced the
contact angle strongly for water and moderately for diiodo-methane. The strong decrease for water
can be explained by an increased electrostatic charge on the surface thus increasing its hydrophylicity.
(b) The surface free energy of the SiO2-liquids interface including of disperse and polar contributions
were calculated by the Owens-Wendt method by using the Drop Shape Analysis Software version
1.80.0.2. The plasma treatment caused a significant increase of the surface energy.
S11
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1. Experimental Procedures 
Materials and Characterization techniques 
Unless otherwise noted, all used chemicals and filters were purchased from Merck (Darmstadt, Germany). Oligonucleotides for DNA 
origami assembly were purchased from Eurofins while oligonucleotides for the SC NR and Au NP functionalization were obtained from 
Biomers.net GmbH (Ulm, Germany) (sequences given in Table 1) 
 
Table 1. Overview of the different oligonucleotides used in this study. 
Nanomaterial Sequence 5´ - Modification 
CdS NR TTTTT TTTTT TTTTT Dithiol group 
Au NP TTTTT TTTTT TTTTT Monothiol group 
Au NP (for metal-SC dimer) TTTAC CAGTG CTCCT Monothiol group 
 
TEM imaging was performed using a JEOL JEM 1400 plus TEM or a Zeiss Gemini 500 SEM at 120 kV or 20 kV, respectively. HRTEM 
imaging of CdS NRs was performed using a FEI Tecnai F30 at 300 kV. Absorption spectra were recorded with a Cary 60 UV-Vis 
Spectrophotometer from Agilent Technologies. 
1.1 CdS seed synthesis 
Cadmium oxide (0.8 mmol), oleic acid (8 mmol) and 1-octadecene (20 g) were mixed in a 100 ml flask. The mixture was heated to 
120°C and placed under vacuum for 1 h followed by three times argon purging. Afterwards, the solution was heated to 260°C to obtain 
a clear colorless solution. At 260 °C 0.04 mmol sulfur in 7 ml 1-octadecene was rapidly injected into the hot solution. After 90 s the 
reaction was quenched by cooling with a fan and the mixture was purified by precipitation with acetone followed by centrifugation. After 
precipitation, the seeds were purged with argon and stored in the glovebox under nitrogen atmosphere for further rod synthesis.  
1.2 CdS NR synthesis  
Cadmium oxide (0.93 mmol), trioctylphosphine oxide (6 g), octadecylphosphonic acid (2 mmol, PlasmaChem) and hexylphosphonic 
acid (0.24 mmol, PlasmaChem) were mixed in a 100 ml flask. The mixture was heated to 120°C and placed under vacuum for 1 h 
followed by three times argon purging. The solution was heated to 350°C to dissolve the CdO (clear colorless solution). At this 
temperature 1.8 ml trioctylphosphine was injected and the solution was cooled down to 120 °C again and placed under vacuum for 
another hour. Meanwhile, the CdS seeds were dissolved in 2.4 ml trioctylphosphine with sulfur (0,075 g/ml). After heating up the CdO 
solution to 365°C this mixture was rapidly injected. The reaction was quenched by cooling down after 9 min at 350 °C.  
1.3 Phase transfer & oligonucleotide functionalization of CdS NRs 
NRs were dissolved in toluene, precipitated with methanol (4:1) and centrifuged to remove excess organic compounds. The procedure 
was repeated up to three times in order to get a concentrated NR solution. Afterwards, 200 µl of a freshly prepared methoxy-
polyethylenglycol-thiol solution (0.37 mmol, JenKem Technology) and KOH (0.53 mmol) in 1 ml methanol was added to 1 ml of NRs. 
The mixture was vortexed for 3 sec, followed by addition of 2 ml based Milli-Q water (pH 11) and subsequently centrifuged for another 
5 min. Afterwards, phases were separated. The NR containing aqueous phase is washed three times with 10 ml 0.5x Tris-HCl (pH 8) 
using a Vivaspin 20 spin column (100,000 MWCO). 







The dithiolated oligonucleotides (for sequences refer to table 1) were incubated with tris(2-carboxyethyl)phosphine hydrochloride 
(TCEP) at a 1:1 molar ratio (20 mM final concentration) for 12 h and cleaned with a G25 column filter to remove excess TCEP. The 
NRs in aqueous solution were immediately mixed with the functionalized oligonucleotides (molar ratio 1:600). In a salt aging process 
sodium chloride was added to the solution stepwise up to a final concentration of 300 mM NaCl. Afterwards the sample was incubated 
for 24 h. To remove excess oligos, the sample was filtered eight times with 0.5x Tris-HCl (pH 8) using 100 kDa Amicon filters.  
1.4 Oligonucleotide functionalization of Au NPs 
For the oligonucleotide functionalization of AuNPs a previously described method was utilized.[1,2] 5 nm AuNPs (Sigma-Aldrich) were 
densely coated with 15 nt poly-thymidine oligonucleotides carrying a 5’-thiol modification by salt aging. The final Au NP concentration 
was calculated from the absorbance signal at 520 nm. 
1.5 Origami folding 
The DNA origami molds[3] (Supporting information, Figures S8) were designed using CaDNAno[4] comprising parallel helices arranged 
in a square lattice.[5] 10 nM single-stranded p8064 scaffold DNA (tilibit nanosystems, Garching, Germany) was mixed  in folding buffer 
containing 5 mM Tris-HCl, 1 mM EDTA and 11 mM MgCl2 ( pH 8.0) with staple strands and capture strands (Eurofins) in a molar ratio 
of 1:10:1 (per individual sequence). The reaction was heated to 80°C for 5 min, and cooled to 25°C over 15 h using a non-linear 
temperature ramp with the slowest temperature decrease occurring between 55°C to 45°C. Subsequently, the molds were purified 
using precipitation with polyethylene glycol to remove excess staples[6]. For TEM imaging, 2-3 µl of a diluted origami solution (1-2 nM) 
was applied to glow-discharged carbon-coated grids. The sample was subsequently stained using a filtered 2% solution of uranyl 
formate in 5 mM NaOH for 2 min.  
1.6 Attachment of SC NRs and Au NPs to DNA-origami structures 
Freshly filtered CdS NRs were mixed with origami molds in 0.5x Tris-HCl buffer (pH 8) supplemented with 300 mM NaCl and 11 mM 
MgCl2. The chosen NR amount was typically twice the number of attachment sites, i.e. for a mold structure with one attachment site 
the molar NR-origami ratio was 2:1. The mixture was then slowly heated to 40°C and afterwards cooled down to 23°C over the course 
of a 5 h time period. Finally, the sample was incubated at 20°C for 24-72 h. The attachment of AuNPs followed the same procedure, 
with a molar ratio of 3:1 or 6:1 for molds with one or two seed binding sites, respectively. Molds were purified from excess AuNPs using 
PEG precipitation[6]. For the assembly of heterostructures, mold monomers were first loaded with Au NPs and following PEG 
precipitation the mold concentration was measured.  Subsequently, a 0.5 molar ratio of CdS NRs was added to form the final 
heterostructure. 
1.7 Formation of mold dimers  
To form heterostructures based on preformed mold dimers, two mold monomers each carrying a corresponding complementary 
interface to support dimerization (Interface A, design details see Figure S9 and S10) were assembled and preloaded with Au NPs. The 












1.8 Seeded-growth of gold within the molds of SC NR heterostructures  
The concentration of the mold superstructures was adjusted with folding buffer, such that 1 nM mold monomers were present in solution. 
Then hydroxyl amine (NH2OH) was added at a 6-fold molar access over the subsequently added gold precursor. The gold growth was 
initiated by injecting 3.6 µl of 25 mM H[AuCl4] into 100 µl final volume of the NH2OH containing mold solution.[3] During growth the 
























2. Results and Discussion 
 
 
Figure S1. Analysis of CdS NRs following the organic synthesis. (a) Overview TEM (scale bar: 50 nm) and (b) HRTEM images (scale bar: 20nm), as well as 
histograms for (c) the average length and (d) the diameter of the rods 









Figure S2. TEM image of oligonucleotide functionalized SC NRs incubated with molds containing no poly-A15 attachment sites. Despite the high densities no 
nonspecific interactions between the objects were observed. (scale bar: 50 nm) 








Figure S3. Zoom in TEM image for the (a) one and (b) two sided lateral docking display NR-mold monomer and dimer structures. (scale bar: 50 nm) 








Figure S4. (a) Overview and (b) Zoom-in TEM images for one-sided external docking displays molds with single bound NRs. (scale bar: 50 nm) 
 
 








Figure S5. (a) Overview and (b) Zoom in TEM image for two-sided external docking display molds with two bound NRs. Thereby, some NRs 
connected with two molds and assembled chain-like structures. (scale bar: 50 nm) 








Figure S6. Overview TEM images for the optimized two-sided external docking displays molds with two bound NRs but without the formation of short 
chain structures. This was achieved by an enhancement of the SC NR proportion over the DNA origami molds and the four times dilution the overall 














Figure S7. (a) Overview and (b) Zoom-in TEM images for the internal docking displaying NR-mold monomer and dimer structures. (scale bar: 50 nm) 
 
 






































Figure S8. TEM images of (a) mold monomer structures that were preloaded with a single Au NP and (b) mold monomer structures that were 





TGACGGGGAAAGCCGGCGA TACACTACGTGGCGAGA AAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGT CCACTATTAAAGAACGTGGACTCCAACGTCAAATACACT
GCGGCGGGTGTGGTGGTTACGCGC AGCGTGACCGCTACACTTGCCAGCGCCCTAGCTATCTCGGGCTATTCTTTTGATTTATAAGGG ATTTTGCCGATTTCGGAACCACCATCAAACAGGATTTTC
GCTTAATGCGCCG TACACTCTACAGGGCGC GTACTATGGTTGCTTTGACGAGCACGTATAACTGATTGCCCTTCACCGCCTGGCCCTGAGAGA GTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCTACACT
TAAAATCCCTTTAATCGGCCTCCTGTTTAG CTCCCGCTCTGATTCTAACGAGGAAAGCACGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAAC CACCCTGGCGCCCAATACGCAAACCGCCTCTCC
GACAGGAACGGTACGCCAG TACACTAATCCTGAGAA GTGTTTTTATAATCAGTGAGGCCACCGAGTAACTGCCCGCTTTCCAGTCGGGAAACCTGTCGT GCCAGCTGCATTAATGAATCGGCCAACGCGCGGTACACTAAAAAAAAAAAAAAA
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AAAGCGCAGTCTCTGAATT TACACTTAC CGTTCCAGTAAGCGTCATACATGGCTTTTGATGTAGTACCGCCACCCTCAGAACCGCCACCCT CAGAACCGCCACCCTCAGAGCCACCACCCTCATTTTCAGGGTACACT
CGGGCACTGTTACTCAAGGCACTGACC CCGTTAAAACTTATTACCAGTACACTCCTGTATAACCTCCTGAGTACGGTGATACACCTATTC CGGGCTATACTTATATCAACCCTCTCGACGGCACTT





























































































































































































Figure S9. Design template for a mold structure with different binding sites for the attachment of  nanorods. Shown is the detailed sequence and folding 
of the 8064 nt scaffold (blue) and the various staples (other colors) used to create the structure.The core design template was created using 
[4]CaDNAno . Red crosses are imaginary gaps that were introduced for better graphical representation. This was done in order to fit the 8 bp lattice size 
(corresponding to about 270 turns) into the 63 bp unit cell (six helical turns of dsDNA) that underly the square-lattice arrangement of DNA helices. 
Repulsive ends carry a 5'-TACACT ssDNA extension at the 5' and 3'-ends.  Staples in green represent the capture strands for lateral docking. Staples in 
red represent the capture strands for end docking. Staples in yellow represent the capture strands for internal docking. All the capture strands carry 15 nt 














































































































































































































Figure S10. Design template for a mold with Interface A at the left end. Repulsive ends of the interface carry a 5'-TACACT ssDNA extension at the 5' and 
3'-ends (repulsive helices are marked in blue in the scheme on the right). Attractive helices of the A interface  have a 3 nt 5' end extension and a 3 nt 3' 
end recession (attractive helices are marked in yellow in the scheme on the right). Staples in yellow represent the capture strands for attaching a DNA-

















































































































































































































































Figure S11. Design template for a mold with Interface B at left end and interface A at the right. Repulsive ends marked in blue carry a 5'-TACACT ssDNA 
extension at the 5' and 3'-ends. Attractive helix ends (marked in yellow) of the B interface at the left end have a 3 nt 5' end recession and a 3 nt 3' end 
extension. Attractive helix ends (marked in yellow) of the A interface at the right end have a 3 nt 3' end recession and a 3 nt 5' end extension. Colors and 
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